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Introduction 


PI:  Sellers.  William  R. 


The  PTEN  tumor  suppressor  gene  was  cloned  in  1997  from  the  10q23  chromosomal  interval  (Li  and 
Sun,  1997;  Li  et  al.,  1997;  Steck  et  al.,  1997).  This  region  of  chromosome  10  is  frequently  altered  in  prostate 
cancer  and  in  particular  undergoes  allelic  loss  in  more  advanced  and  higher  grade  tumors  (Gray  et  al.,  1995).  In 
this  grant  application,  we  sought  to  try  and  determine  the  function  of  the  protein  product  of  PTEN,  to  raise 
antibodies  against  the  protein,  and  to  use  such  antibodies  both  in  functional  studies  and  to  look  at  the  extent  to 
which  the  PTEN  protein  is  lost  in  prostate  tumors.  We  have  been  successful  in  each  of  these  goals  as  will  be 
described  below. 

Body 

Statement  of  Work  (original) 

Task  1.  Generation  of  Specific  Antibodies 

a)  Develop  and  affinity  purify  the  rabbit  anti-sera 

b)  Obtain  clonal  hybridoma  lines  producing  PTEN  specific  antibodies 

c)  Optimize  conditions  for  these  various  reagents  in  IBs,  IPs,  immunofluorescence  and  IHC  techniques  using 
PTEN  positive  and  negative  cell  lines. 

Completed  (see  Ramaswamy  et.  al.  PNAS.  1999, 96:2110-2115) 

Task  2:  Characterize  the  endogenous  protein 

a  and  b)  sub  cellular  localization  as  determined  by  immunofluorescence  and  fractionation 

c)  post-translational  modifications  as  determined  by  IP/westem  blots,  IP/S^^  labeling  and  ^2p  labeling 

d)  Protein  regulation  as  determined  by  steady-state  protein  levels  in  cells  at  various  points  in  the  cell-cycle  and 
as  a  functions  of  adhesion  or  non-adhesion,  and  as  a  function  of  adhesion  to  various  substrates. 

Completed  (unpublished,  and  Vazquez  et.  al.  Mol  Cell  Biol.  2000, 20:5010-8) 

Task  3:. Characterize  putative  substrates 

a)  Collect  panel  of  PTEN+/+  and  PTEN-/-  cell  lines 

b)  Generate  substrate  trapping,  tumor-derived  and  deletion  mutants  of  PTEN  in  mammalian  expression  vectors. 

c)  Generate  the  same  mutants  in  as  chimeras  of  glutathione-S-transferase 

d)  Produce  wild-type  and  mutant  variants  on  PTEN  in  cells  and  in  bacteria 

e)  Test  GST-PTEN  for  phosphatase  activity  in  vitro 

f)  Generate  cell  lines  which  stably  express  or  express  an  inducible  form  of  PTEN 

g)  Attempt  to  identify  candidate  substrates  using  GST-PTEN  and  substrate  trapping  derivatives  thereof  as 
affinity  reagents. 

h)  Attempt  to  identify  candidate  substrates  using  over  expressed  HA-tagged  PTEN  and  mutant  derivatives 
thereof  as  affinity  reagents. 

i)  Attempt  to  identify  interacting  proteins  bound  to  the  endogenous  PTEN. 

j)  Attempt  to  clone  putative  targets 
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Completed  (see  Ramaswamy  et.  al.  PNAS.  1999, 96:2110-2115  and  Nakamura  et.  al.,  Mol  Cell  Biol,  in 
press) 

Task  4:  Screen  prostate  tumors  for  PTEN  protein  bv  immunohistochemistrv(IHC)  with  multiple 
antibodies. 

a  and  b)  Develop  murine  and  rabbit  polyclonal  reagent  for  IHC 

c)  Develop  monoclonal  antibodies  for  IHC  (Incomplete) 

d)  Test  antibody  reagents  against  PTEN  +/+  and  PTEN-/-  cells  using  paraffin  embedded  cells. 

e)  Test  antibody  reagents  against  tumor  samples  with  an  intact  versus  a  deleted  PTEN  allele. 

f)  Perform  IHC  tests  on  tissue  samples  from  tumor  banks.  Correlate  with  stage,  grade  and  organ  confinement. 

Completed  (see  McMenamin  et.  al.  Cancer  Res.  1999, 59:4291-6). 


Summary  of  Work  Accomplished  (Listed  by  Aim) 

Aim  1:  The  identification,  and  characterization  of  the  protein  product  of  the  PTEN  tumor 
suppressor  gene 

Rabbits  and  mice  were  immunized  with  GST-PTEN  fusion  proteins  produced  in  e.coli.  Fusion  proteins 
encoding  the  PTEN  C-terminus,  the  PTEN  N-terminus  and  the  full-length  protein  were  used.  Anti-sera  from 
rabbits  that  have  been  generated  include  D7  and  D8  to  the  amino  terminus,  C54  and  C55  to  the  C-terminus  and 
C-56  to  the  full-length  protein.  In  addition,  several  monoclonal  antibodies  have  been  generated  including  PC- 
15,  PC-17  and  PC-22. 

Of  these  antisera  and  antibodies  C54  is  the  highest  titer  antibody.  This  antibody  specifcially  recognizes 
a  58  Kd  protein  on  immunoblots  that  co-mi  grates  with  IVT  PTEN  (data  not  shown).  Furthermore, 
immunoprecipitation  with  C54,  PC15,  D7  or  C56  followed  by  western  blotting  with  C54  recognizes  the  same 
protein  (Ramaswamy  et  al.,  1999)  and  data  not  shown.  Further,  this  protein  species  is  absent  from  cells  that  are 
known  to  have  sustained  truncating  mutations  or  biallelic  deletion  of  PTEN.  Thus,  this  protein  is  the 
endogenous  PTEN  protein.  C54  and  PC  15  antibody  reagents  have  been  licensed  and  are  commercially 
available  through  a  number  of  vendors. 

In  the  course  of  our  work  it  became  clear  that  recombinant  PTEN  can  act  as  a  lipid  and  protein 
phosphatase(Maehama  and  Dixon,  1998;  Myers  et  al.,  1997).  With  these  antibody  reagents  we  have 
demonstrated  that  this  is  the  case  of  the  endogenous  protein  as  well.  These  antibody  reagents  are  now  being 
used  to  ask  whether  PTEN  localization  is  regulated  and  whether  the  phosphatase  activity  of  the  protein  is 
regulated.  Here  we  have  found  that  PTEN  is  a  phosphoprotein  and  that  site  specific  phosphorylation  of  PTEN 
regulates  its  activity  in  a  number  of  assays  including  the  ability  of  PTEN  to  induce  a  cell-cycle  arrest. 

This  work  is  detailed  in  our  recently  published  article  in  Molecular  and  Cell  Biology  and  is  enclosed  as  a 
reprint  (Vazquez  et.  al.  Mol  Cell  Biol.  2000, 20:5010-8). 
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Aim  2:  To  identify  candidate  downstream  phosphorylated  targets  of  PTEN 

PTEN  is  a  protein  and  lipid  phosphatase 

The  protein  product  of  the  PTEN  gene(PTEN)  is  a  dual-specificity  phosphatase.  Recombinant  PTEN  is 
capable  of  dephosphorylating  both  tyrosine  and  threonine  phosphorylated  substrates(Myers  et  al.,  1997),  and  in 
addition  can  dephosphorylate  phosphatidylinositol  3,4,5-trisphosphate  (PI3,4,5P3)(Maehama  and  Dixon,  1998; 
Myers  et  al.,  1997),  a  product  of  phosphatidylinositol-3-kinase  activity  (PI3K). 

PTEN  induces  a  block  in  the  G1  phase  of  the  cell-cycle 

786-0  renal  carcinoma  cells,  which  lack  PTEN  protein,  were  transiently  co-transfected  with  a  plasmid 
encoding  the  cell  surface  marker  CD19,  and  plasmids  encoding  PTEN  or  mutant  derivatives.  The  cell-cycle 
distribution  of  the  CD  19+  cells  (marking  the  transfected  cells)  was  determined  by  staining  with  FITC- 
conjugated  anti-CD19  and  propidium  iodide  followed  by  FACS  analysis.  We  found  that  wild-type  PTEN  was 
capable  of  inducing  a  G1  block  but  tumor  derived  mutants  could  not(Ramaswamy  et  al.,  1999).  We  next 
compared  wild-type  PTEN  to  a  number  of  naturally  occurring  PTEN  mutants  in  the  cell-cycle  assay,  in  protein 
phosphatase  assays  (using  a  phospho-tyrosine  substrate)  and  in  assays  testing  dephosphorylation  of  H3-l,3,4,5 
inositol  tetrakisphosphate(H3-IP4).  This  latter  assay  reflects  the  ability  of  PTEN  to  dephosphorylate  PI3,4,5P3  in 
vivo  (Maehama  and  Dixon,  1998).  One  particularly  informative  mutant  was  found,  PTEN;G129E.  This  mutant 
was  identified  in  the  germline  PTEN  gene  of  two  independent  Cowdens  families  (Marsh  et  al.,  1998).  In  our 
assays  it  retained  phosphatase  activity  against  a  protein  substrate,  but  was  incapable  of  arresting  cells  in  G1  and 
was  incapable  of  dephosphorylating  lipid  substrates  as  measured  by  dephosphorylation  of  H3-IP4.  Thus,  the 
ability  of  PTEN  to  induce  a  cell-cycle  block  correlated  best  with  its  ability  to  dephosphorylate  a  lipid  substrate. 
These  data  raised  the  possibility  that  the  regulation  of  downstream  targets  of  PI3K  might  be  critical  for  PTEN 
mediated  cell-cycle  control.  One  such  downstream  effector  is  the  proto-oncogene  Akt  (Downward,  1998).  We 
first  sought  to  determine  whether  PTEN  could  negatively  regulate  Akt  kinase  activity.  A  plasmid  encoding  T7- 
epitope  tagged  Akt  was  transfected  into  U2-OS  cells  with  either  empty  vector  or  with  a  plasmid  encoding 
PTEN.  PTEN  co-transfection  led  to  a  dramatic  down-regulation  of  Akt  kinase  activity  as  measured  by 
immunoprecipitation  of  Akt  followed  by  an  in  vitro  kinase  assay  with  an  Akt  substrate.  We  next  asked  whether 
Akt  might  be  able  to  override  a  PTEN  induced  G1  block.  While  wild-type  Akt  had  a  minimal  effect  on  the 
PTEN  induced  G1  block,  a  myristoylated  form  of  Akt,  which  no  longer  requires  PI-3,4,5-P3  for  activation,  was 
dramatically  better  at  overcoming  a  PTEN  block.  In  contrast,  kinase-inactive  versions  of  both  Akt  and  Myr-Akt 
were  unable  to  override  PTEN  effects.  These  data  suggest  that  PTEN  mediated  cell-cycle  inhibition  depends 
upon  negative  regulation  of  the  PI3K/Akt  signaling  pathway.  In  keeping  with  the  notion  that  Akt  is  critical 
downstream  target  of  PI3K,  tumors  that  lack  PTEN  have  deregulated  Akt  activity. 

This  work  is  detailed  in  the  enclosed  reprint  (Ramaswamy  S,  et.  al.,  Proc  Natl  Acad  Sci  USA.  96: 

2110-2115, 1999.) 

These  data  link  Akt  and  PTEN  in  a  cell  cycle  pathway  downstream  of  PI3K.  In  support  of  the  idea  that 
the  PTEN/PI3K/Akt  pathway  can  regulate  the  cell  cycle,  the  expression  of  activated  Akt  or  of  activated  PI3K 
in  a  serum-starved  cell  is  sufficient  to  induce  S-phase  entry  (Klippel  et  al.,  1998).  Furthermore,  in  PTEN 
heterozygous  mice  there  is  an  increase  in  proliferating  cells  in  the  prostate  and  thyroid  glands  (Di  Cristofano  et 
al.,  1998;  Podsypanina  et  al.,  1999).  In  addition,  in  early  PTEN-/-  embryos  there  is  widespread,  excess  cellular 
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proliferation  preceding  embryonic  death  (Stambolic  et  al.,  1998).  Thus,  PTEN  is  necessary  in  vivo  role  for  the 
appropriate  regulation  cell-cycle  progression  and  cellular  proliferation. 

We  have  now  gone  on  to  show  that  this  cell-cycle  arrest  function  of  PTEN  appears  to  be  mediated 
through  a  group  of  Forkhead  transcription  factors  (AFX,  FKHR  and  FKHRL1).  These  factors  are  regulated  by 
Akt,  and  in  PTEN  null  cells  are  constitutively  phosphorylated  and  are  thus  inactivated.  We  found  that 
restoration  of  Forkhead  activity  was  sufficient  to  induce  a  G1  arrest  in  PTEN  null  through  the  induction  of  p27. 
This  work  is  detail  in  the  enclosed  manuscript,  now  in  press  in  MCB.  (Nakamura  et.  al.  Mol  Cell  Biol 

2000,  in  press). 


Aim  3.  To  determine  whether  PTEN  immunostaining  is  of  prognostic  value  in  patients 
with  early  stage  prostate  cancer. 

A  murine  polyclonal  antiserum  was  raised  against  a  glutathione-S-transferase  fusion  polypeptide  of  the 
carboxyl  terminus  of  PTEN.  Archival  paraffin  tissue  sections  from  109  cases  of  resected  prostate  cancer  were 
immunostained  with  the  antiserum,  utilizing  DU145  and  PC-3  cells  as  positive  and  negative  controls 
respectively.  PTEN  expression  was  seen  in  the  secretory  cells.  Cases  were  considered  positive  when  granular 
cytoplasmic  staining  was  seen  in  all  tumor  cells;  mixed,  when  areas  of  both  positive  and  negative  tumor  cell 
clones  were  seen;  and  negative  when  no  tumor  but  adjacent  benign  prostate  tissue  showed  positive  staining. 
Seventeen  cases  (15.6%)  of  prostate  cancer  were  positive,  70  (64.2%)  were  mixed  and  22  (20.2%)  were 
negative.  Total  absence  of  PTEN  expression  correlated  with  Gleason  score  (p=0.0081),  correlated  more 
significantly  with  a  Gleason  score  of  7  or  higher  (p=0.0004)  and  with  advanced  pathological  stage  (American 
Joint  Committee  on  Cancer  (AJCC)  T3c,  T4)  (p=0.0078).  Thus,  loss  of  PTEN  protein  is  correlated  with 
pathological  markers  of  poor  prognosis  in  prostate  cancer  (McMenamin  et  al.,  1999) 

This  work  is  detail  in  the  enclosed  reprint  published  in  1999  in  Cancer  Research. (see  McMenamin  et. 

al.  Cancer  Res.  1999, 59:4291-6). 


Key  Research  Accomplishments 

1 .  Developed  antibodies  to  PTEN  and  characterized  the  endogenous  protein. 

2.  Discovered  that  PTEN  can  regulate  cell-cycle  progression. 

3.  Discovered  that  PTEN  is  regulated  by  phosphorylation. 

4.  Discovered  that  Forkhead  factors  are  key  effectors  of  PTEN  function. 

5.  Discovered  that  PTEN  protein  is  lost  in  20%  of  primary  prostate  tumors,  and  that  such  loss  is  highly 

correlated  with  grade  and  stage. 
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Reportable  Outcomes: 

Licenses: 

1.  Licensed  two  PTEN  antibodies. 

Manuscripts: 

1.  Ramaswamy,  S.,  Nakamura,  N.,  Vazquez,  F.,  Batt,  D.  B.,  Perera,  S.,  Roberts,  T.  M.,  and  Sellers,  W.  R. 
Regulation  of  G1  progression  by  the  PTEN  tumor  suppressor  protein  is  linked  to  inhibition  of  the 
phosphatidylinositol  3-kinase/ Akt  pathway,  Proc  Natl  Acad  Sci  USA.  96:  2110-2115,  1999. 

2.  McMenamin,  M.  E„  Soung,  P.,  Perera,  S.,  Kaplan,  I.,  Loda,  M„  and  Sellers,  W.  R.  Loss  of  PTEN 
expression  in  paraffin-embedded  primary  prostate  cancer  correlates  with  high  Gleason  score  and  advanced 
stage,  Cancer  Res.  59: 4291-6,  1999. 

3.  Vazquez,  F.  and  Sellers,  W.  R.  The  PTEN  tumor  suppressor  protein:  an  antagonist  of  phosphoinositide 
3-  kinase  signaling,  Biochim  Biophys  Acta.  1470:  M21-M35,  2000. 

4.  Ramaswamy  S,  and  Sellers  W.  R.  PTEN  a  prostate  cancer  tumor  suppressor  gene.  The  Prostate  Journal 
(in  press)  2000. 

5.  Vazquez  F.  Ramaswams  S,  Nakamura  N  and  Sellers,  W.R.  Phosphorylation  of  the  PTEN  tail  regulates 
stability  and  the  biological  function.  Mol  Cell  Biol  20:  5010-5018  2000 

6.  Nakamura,  N.,  Ramaswamy,  S.,  Vazquez,  F.,  and  Sellers,  W.  R.  FKHR  is  a  critical  effector  of  cell  death 
and  cell  cycle  arrest  downstream  of  PTEN, .  Mol  Cell  Biol  (in  press):,  2000. 

Clinical  Translational  research:  Signed  a  sponsored  research  agreement  with  Kinetix  Pharmaceuticals  to 
develop  and  test  Akt  inhibitors. 

Grant  funding  obtained: 

CapCURE  Award  1998  Developing  Akt  transgenic  mouse  models 

CaPCURE  Award  1999  Purification  of  a  PTEN  kinase 

ACS  RPG  grant  2000  The  functional  analysis  of  the  PTEN  tumor  suppressor  protein  (overlap  with  ROl) 
NCI-R01CA85  2000  The  functional  analysis  of  the  PTEN  tumor  suppressor  protein 

Conclusions 

In  conclusion,  our  lab  has  identified  PTEN  has  an  important  regulator  of  proliferation  and  cell-cycle 
progression  in  prostate  cells.  Furthermore,  this  PTEN  function  appears  to  be  linked  to  its  ability  to  regulate  the 
serine-threonine  kinase  Akt  and  the  downstream  transcription  factor  FKHR.  Based  upon  this  work  we  are 
collaborating  with  a  pharmaceutical  company  to  develop  Akt  kinase  inhibitors.  I  believe  such  inhibitors  will 
have  a  high  degree  of  activity  in  PTEN  null  prostate  tumors.  Our  studies  of  primary  prostate  tumors  suggest 
that  loss  of  PTEN  protein  by  IHC  staining  is  associated  with  a  more  aggressive  form  of  prostate  cancer.  In 
keeping  with  these  data  others  have  shown  that  PTEN  loss  in  metastatic  foci  of  prostate  cancer  approaches  50- 
60%.  If  this  is  true  then  Akt  inhibitors  will  potentially  be  useful  in  exactly  the  type  of  tumors  that  appear 
destined  to  relapse  following  surgery.  In  addition,  these  data  raise  the  possibility  that  PTEN  loss  may  be  useful 
as  a  prognostic  marker. 
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ABSTRACT  PTEN /MM AC  1  is  a  tumor  suppressor  gene 
located  on  chromosome  10q23.  Inherited  PTEN/MMAC1  mu¬ 
tations  are  associated  with  a  cancer  predisposition  syndrome 
known  as  Cowden’s  disease.  Somatic  mutation  of  PTEN  has 
been  found  in  a  number  of  malignancies,  including  glioblas¬ 
toma,  melanoma,  and  carcinoma  of  the  prostate  and  endo¬ 
metrium.  The  protein  product  (PTEN)  encodes  a  dual¬ 
specificity  protein  phosphatase  and  in  addition  can  dephos- 
phorylate  certain  lipid  substrates.  Herein,  we  show  that  PTEN 
protein  induces  a  Gi  block  when  reconstituted  in  PTEA-nulI 
cells.  A  PTEN  mutant  associated  with  Cowden’s  disease 
(PTEN;G129E)  has  protein  phosphatase  activity  yet  is  defec¬ 
tive  in  dephosphorylating  inositol  1,3,4,5-tetrakisphosphate 
in  vitro  and  fails  to  arrest  cells  in  Gi.  These  data  suggest  a  link 
between  induction  of  a  cell-cycle  block  by  PTEN  and  its  ability 
to  dephosphorylate,  in  vivo ,  phosphatidylinositol  3,4,5- 
trisphosphate.  In  keeping  with  this  notion,  PTEN  can  inhibit 
the  phosphatidylinositol  3,4,5-trisphosphate-dependent  Akt 
kinase,  a  downstream  target  of  phosphatidylinositol  3-kinase, 
and  constitutively  active,  but  not  wild-type,  Akt  overrides  a 
PTEN  Gi  arrest.  Finally,  tumor  cells  lacking  PTEN  contain 
high  levels  of  activated  Akt,  suggesting  that  PTEN  is  necessary 
for  the  appropriate  regulation  of  the  phosphatidylinositol 
3-kinase/Akt  pathway. 


Abnormalities  of  chromosomal  region  10q23  are  frequent  in  a 
number  of  malignancies,  including  prostate  cancer  and  glio¬ 
blastoma  (1,  2).  Recently,  a  candidate  tumor  suppressor  gene 
PTEN /MMAC1  /TEP1  (for  simplicity  hereafter  referred  to  as 
PTEN)  was  cloned  and  mapped  to  this  region  (3-5).  Somatic 
mutations  of  PTEN  are  found  in  a  number  of  malignancies, 
including  glioblastoma,  melanoma,  and  carcinomas  of  the 
prostate,  lung,  endometrium,  and  head  and  neck  (3,  4,  6-14). 
Germ-line  mutations  of  the  PTEN  gene  are  associated  with  the 
development  of  Cowden’s  disease  (CD)  and  Bannayan- 
Zonana  syndrome  (BZS)  (15-18).  CD  is  characterized  by  the 
occurrence  of  multiple  hamartomas  in  the  skin,  gastrointesti¬ 
nal  tract,  breast,  thyroid,  and  central  nervous  system  and  an 
increased  incidence  of  breast  and  thyroid  cancers  (18).  BZS  is 
a  related  syndrome  in  which  intestinal  hamartomas  are  ac¬ 
companied  by  neurological  abnormalities  including  mild  men¬ 
tal  retardation,  delayed  motor  development,  vascular  malfor¬ 
mations,  and  speckled  penis  (18). 

The  predicted  protein  product  of  the  PTEN  gene  (referred 
to  hereafter  as  PTEN)  has  homology  to  tensin,  an  actin  binding 
protein  localized  to  focal  adhesion  complexes  (19);  to  auxilin, 
a  protein  involved  in  the  uncoating  of  clatherin-coated  vesicles 
(20);  and  to  dual-specificity  phosphatases  (4,  21).  Recombi¬ 


The  publication  costs  of  this  article  were  defrayed  in  part  by  page  charge 
payment.  This  article  must  therefore  be  hereby  marked  “ advertisement ”  in 
accordance  with  18  U.S.C.  §1734  solely  to  indicate  this  fact. 

PNAS  is  available  online  at  www.pnas.org. 


nant  PTEN  is  capable  of  dephosphorylating  both  tyrosine-  and 
threonine-phosphorylated  substrates  and  in  addition  can  de¬ 
phosphorylate  phosphatidylinositol  3,4,5-trisphosphate  (Ptd- 
Ins-3,4,5-P3)  (22,  23).  Overproduction  of  PTEN  can  suppress 
colony  formation  in  certain  cells,  growth  in  soft  agar,  and 
tumor  formation  in  nude  mice  (24,  25).  Recent  data  suggest 
that  PTEN  might  function,  at  least  in  part,  through  regulation 
of  focal  adhesion  kinase  and  the  subsequent  inhibition  of 
adhesion  and  migration  (26).  PTEN  is  essential  for  murine 
embryonic  development  beyond  day  7.5.  In  the  mouse  loss  of 
PTEN  allele  leads  to  hyperplasia  and  dysplasia  in  the  skin, 
gastrointestinal  tract,  and  prostate,  as  well  as  tumor  formation 
(27). 

In  this  study,  we  found  that  reintroduction  of  a  PTEN  cDNA 
into  cells  lacking  a  wild-type  PTEN  protein  led  to  a  cell-cycle 
block  in  Gi .  This  function  was  tightly  linked  to  the  phosphatase 
activity  of  PTEN  and  was  inactivated  by  tumor-derived  mu¬ 
tations.  Furthermore,  a  PTEN  mutant,  associated  with  CD, 
that  retains  protein  phosphatase  activity  was  defective  in 
arresting  cells  in  Gi  and  was  also  defective  in  dephosphory¬ 
lating  inositol  1,3,4,5-tetrakisphosphate  (IP4). 

These  data  suggested  that  PTEN  might  regulate  cell-cycle 
progression  by  blocking  activation  of  downstream  targets  of 
phosphatidylinositol  3-kinase  such  as  the  protooncogene  Akt. 
In  keeping  with  this  notion,  PTEN  was  capable  of  inhibiting 
wild-type  Akt  kinase  activity  in  cells.  Furthermore,  a  consti¬ 
tutively  active  form  of  Akt,  but  not  wild-type  Akt,  overrode  a 
PTEN-induced  cell-cycle  block. 

MATERIALS  AND  METHODS 

Cell  Culture,  Transfection,  and  Metabolic  Labeling. 

ACHN,  786-0,  SAOS-2,  and  U2-OS  cells  (gifts  from  the 
Kaelin  laboratory)  were  maintained  in  DMEM  containing 
10%  Fetal  Clone  (HyClone),  penicillin  and  streptomycin  at 
37°C.  Cells  were  transfected  with  Fugene  6  (Boehringer- 
Mannheim)  for  786-0  cells  or  by  the  calcium  phosphate 
procedure  for  U2-OS,  ACHN,  and  SAOS-2  cells,  as  described 
(28,  29).  Transfected  786-0  cells  were  metabolically  labeled 
for  3  h  in  5  ml  of  methionine-free  medium  supplemented  with 
10%  dialyzed  fetal  calf  serum  and  [35S]methionine  (100  [iC i/ 
ml;  1  Ci  =  37  GBq). 

Plasmids.  A  cDNA  fragment  encoding  PTEN  amino  acid 
residues  1-403  was  PCR-amplified  from  a  293  cDNA  library 
(30)  and  ligated  to  vector  pSG5L-HA  (28)  to  give  pSG5L~ 
HA-PTEN;WT.  An  Akt-1  cDNA  was  amplified  by  reverse 
transcription-coupled  PCR  from  total  HeLa  cell  RNA  and 
reamplified  with  a  5'  primer  containing  a  Kozak  sequence  and 


Abbreviations:  IP4,  inositol  1,3,4,5-tetrakisphosphate;  Ptdlns,  phos¬ 
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agglutinin;  GST,  glutathione  S-transferasc. 

*To  whom  reprint  requests  should  be  addressed,  e-mail:  William- 
Sellers@dfci.harvard.edu. 


2110 


Cell  Biology:  Ramaswamy  et  al 


Proc.  Natl  Acad.  Sci.  USA  96  (1999)  2111 


sequences  encoding  a  hemagglutinin  (HA)  epitope  and  cloned 
into  pLNCX  to  give  pLNCX-HA-Akt.  A  double-stranded 
oligonucleotide  encoding  the  src  myristoylation  sequence  was 
inserted  5'  of  the  HA  tag  to  generate  pLNCX-Myr-HA-Akt. 
pSG5L-HA-PTEN;C124S,  pSG5L-HA-PTEN;G129R,  pSG5L- 
HA-PTEN;G129E,  pSG5L-HA-PTEN;l-274,  pSG5L-HA- 
P TEN;  1-336  and  pSG5L-HA-PTEN;A274-342,  pLNCX-HA- 
Akt;K179M,  pLNCX-myr-HA-Akt;K179M  were  generated  by 
site-directed  mutagenesis  or  by  PCR  mutagenesis.  Inserts  from 
the  pSG5L-HA-PTEN  plasmids  were  cloned  into  pGEX2T  to 
give  the  corresponding  pGEX2T-PTEN  plasmids.  A  cDNA  for 
AKT-1  was  PCR-amplified  from  a  fetal  brain  library  and  ligated 
to  the  vector  from  pCDNA3-T7-VHL  to  give  pCDNA3-T7-AKT. 
All  plasmid  inserts  obtained  by  PCR  or  altered  by  site-directed 
mutagenesis  were  verified  by  sequencing.  pCD19  has  been  pre¬ 
viously  described  (31). 

Antibodies.  Production  of  PTEN  antiserum  (C54)  will  be 
described  elsewhere  (32).  HA.ll,  fluorescein  isothiocyanate- 
conjugated  anti-CD19,  anti-T7,  and  anti-phospho-Akt  (Ser- 
473)  antibodies  were  obtained  from  Babco  (Richmond,  CA), 
Novagen,  Caltag  (South  San  Francisco,  CA),  and  New  En¬ 
gland  Biolabs,  respectively. 

Immunoprecipitations  and  Immunoblotting.  Preparation  of 
whole  cell  extracts,  immunoprecipitations,  and  immunoblot¬ 
ting  conditions  are  as  described  (28).  For  immunoblotting,  C54 
antiserum  was  diluted  1:500  in  TBS/4%  milk.  Secondary 
antibodies,  alkaline  phosphatase-conjugated  goat  anti-mouse 
or  goat  anti-rabbit  (Southern  Biotechnology  Associates)  were 
diluted  1:5,000.  For  chemiluminescent  detection,  horseradish 
peroxidase-conjugated  anti-mouse  antibody  (Santa  Cruz  Bio¬ 
technology)  was  used  at  a  1:2,000  dilution  and  detected  with 
the  SuperSignal  kit  (Pierce). 

Fluorescence-Activated  Cell  Sorting.  Cells  grown  on  plOO 
plates  were  transfected  with  4  /xg  of  pCD19  and  either  11  /xg 
(Fugene  6  transfections)  or  21  / xg  (calcium  phosphate  trans¬ 
fections)  of  the  backbone  pSG5L  plasmid  or  pSG5L  plasmids 
encoding  PTEN  or  the  indicated  PTEN  mutants.  Cell-cycle 
determination  of  the  CD19+  cells  was  carried  out  as  described 
(28). 

Protein  and  Inositol  Phosphatase  Assays.  Poly(Glu4-Tyri) 
copolymer  (Sigma)  was  phosphorylated  in  vitro  essentially  as 
described  (22).  Briefly,  poly(Glu4-Tyn)  was  resuspended  at  a 
final  concentration  of  3.3  mg/ml  in  50  mM  Tris’HCl  (pH  7.4), 
2  mM  MnCl2,  10  mM  MgCl2,  and  0.1  mM  ATP  in  a  reaction 
mixture  containing  10  /xCi  of  [y-33P]ATP  and  100  units  of 
/3-insulin  receptor  kinase  (Stratagene)  and  incubated  at  30°C 
for  4  h.  Labeled  copolymer  was  precipitated  with  100% 
trichloroacetic  acid  (TCA)  washed  with  20%  TCA  and  ace¬ 
tone,  lyophilized,  and  resuspended  in,  and  dialyzed  against  50 
mM  imidazole  (pH  7.2).  Protein  phosphatase  assays  were  done 
as  described  (22).  Dephosphorylation  of  [3H]inositol  1, 3,4,5- 
tetrakisphosphate  (NEN)  was  performed  as  described  by  using 
1  /xg  of  the  relevant  glutathione  5-transferase  (GST)  fusion 
proteins  (23). 

Akt  Kinase  Assays.  U2-OS  cells  were  transfected  with 
plasmids  encoding  T7-Akt-1  and  pSG5L,  pSG5L-HA-PTEN, 
or  mutant  derivatives.  Thirty-six  hours  after  transfection  T7 
immu noprecipitates  were  prepared  from  cell  lysates,  collected 
on  protein  A-Sepharose  and  incubated  in  a  reaction  mixture 
containing  30  mM  Hepes  (pH  7.5),  10  mM  MgCl2,  5  mM 
MnCl2,  1  mM  DTT,  20  pM  ATP,  10  pCi  of  [y-32P]ATP,  and 
5  pg  of  a  GST  fusion  protein  containing  an  Akt  peptide 
substrate,  for  30  min  at  25°C.  Radiolabeled  substrate  was 
separated  from  unincorporated  [y-32P]ATP  by  gel  electro¬ 
phoresis  and  detected  by  autoradiography. 

RESULTS 

PTEN  Induces  a  Block  in  the  Gi  Phase  of  the  Cell  Cycle. 

Attempts  at  stable  expression  of  PTEN  in  PTEN-null  786-0 


renal  carcinoma  and  A172  glioblastoma  cell  lines  failed  to  yield 
clonal  lines  that  produced  detectable  HA-PTEN  (data  not 
shown).  Next,  transient  assays  were  used  to  determine  whether 
PTEN  might  be  capable  of  altering  cell-cycle  progression. 
786-0  renal  carcinoma  cells,  which  lack  PTEN  protein  (Fig. 
ID),  were  transiently  transfected  with  either  empty  vector  or 
plasmids  encoding  either  H  A-tagged  PTEN  (PTEN;WT)  or  a 
tumor-derived  PTEN  catalytic  domain  mutant  (PTEN; 
G129R)  (4),  along  with  a  plasmid  encoding  the  cell  surface 
marker  CD19  (pCD19).  After  40  h,  the  DNA  content  of  the 
successfully  transfected  cells  was  determined  by  staining  cells 
with  fluorescein  isothiocyanate-conjugated  anti- CD  19  and 
propidium  iodide  followed  by  fluorescence- activated  cell  sort¬ 
ing.  Wild-type  PTEN  reproducibly  induced  an  increase  in  the 
percentage  of  cells  in  Gi  when  compared  with  the  vector  alone 
or  to  PTEN;G129R  (Fig.  1,4).  In  contrast,  reintroduction  of 
plasmids  encoding  either  the  tumor  suppressor  proteins  pRB 
or  VHL  [which  is  defective  in  786-0  cells  (30)]  or  the 
dual-specificity  phosphatase  cdc25C  failed  to  induce  a  Gx 
arrest  in  these  cells  (Fig.  1 A  and  data  not  shown).  Production 
of  HA-PTEN  in  two  cell  lines  that  retain  endogenous  PTEN 
protein  (SAOS-2  and  ACHN)  did  not  alter  the  cell-cycle 
distribution  of  these  cells  (Fig.  1  B- D),  but,  as  a  positive 
control  in  pRB-null  SAOS-2  cells,  reintroduction  of  a  plasmid 
encoding  pRB  did  effect  a  Gi  arrest  (Fig.  IB).  Under  these 
same  experimental  conditions,  production  of  PTEN  protein  in 
786-0  cells  did  not  lead  to  an  increase  in  the  percentage  of  cells 
harboring  a  sub-2A  DNA  content,  suggesting  that  PTEN  did 
not  induce  apoptosis  in  these  cells  (Table  1).  Thus,  PTEN 
specifically  induced  a  Gi  block  in  786-0  cells,  which  lack 
PTEN. 

Tumor-Derived  Mutants  Inactivate  PTEN  Phosphatase  Ac¬ 
tivity  and  Cell-Cycle  Control.  A  number  of  tumor-derived 
PTEN  mutations  have  been  reported  that  lie  outside  of  the 
predicted  phosphatase  and  tensin-auxilin  homology  domains. 
Three  such  tumor-derived  mutants,  PTEN;l-274,  PTEN;1- 
336,  and  PTEN;A274-342  were  tested  and  were  defective  in 
the  cell-cycle  assay  (Fig.  24).  With  the  exception  of  PTEN;1- 


A  B  CD 

786-0  SAOS-2  ACHN  anti-PTEN 
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Fig.  1.  PTEN  induces  a  Gi  block.  (A)  PTEN,  but  not  pVHL  or 
cdc25C,  induced  a  Gi  block  in  786-0  cells.  786-0  cells  were  transiently 
cotransfected  with  a  plasmid  encoding  CD19  (pCD19)  along  with 
plasmids  encoding  the  indicated  proteins.  Forty  hours  after  transfec¬ 
tion,  cells  were  fixed  and  the  cell-cycle  distribution  of  the  successfully 
transfected  cells  was  determined  by  fluorescence-activated  cell  sorting 
analysis.  The  mean  and  SEM  of  two  experiments  are  shown.  (B)  PTEN 
does  not  alter  the  cell-cycle  profile  of  SAOS-2(RB  -/-)  cells.  SAOS-2 
cells  were  transiently  transfected  with  pCD19  and  the  plasmids 
encoding  the  indicated  proteins  and  analyzed  as  in  Fig.  2 A.  The  mean 
and  SEM  of  two  experiments  are  shown.  (C)  PTEN  does  not  alter  the 
cell-cycle  profile  of  ACHN  cells.  ACHN  cells  were  transiently  trans¬ 
fected  with  pCD19  or  plasmids  encoding  the  indicated  proteins  and 
analyzed  as  in  A  The  mean  and  SEM  of  two  experiments  are  shown. 
(D)  Immunoblot  detection  of  PTEN  protein  in  786-0,  SAOS-2,  and 
ACHN  cells.  C54  anti-PTEN  antiserum  was  used  to  detect  PTEN  by 
immunoblot  analysis  of  protein  extracts  from  the  indicated  cell  lines. 
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Tabic  1.  Percentage  of  CD19+  786-0  cells  with  sub-2N  DNA 
content 


Exp. 

Vector 

PTEN;WT 

PTEN;G129R 

1 

4.6 

5.1 

5.8 

2 

2.4 

1.5 

1.4 

3 

1.0 

1.3 

1.0 

786-0  cells  were  transiently  transfected  with  pCD19  and  the  indi¬ 
cated  pSGL-HA  expression  plasmids.  After  36  h,  cells  were  harvested 
and  processed  as  in  Fig.  1  A. 


274,  these  mutant  proteins  were  produced  to  levels  similar  to 
that  of  wild-type  PTEN  in  786-0  cells  (Fig.  2 B).  Two  bio¬ 
chemical  properties  have  been  ascribed  to  PTEN.  PTEN  can 
dephosphorylate  certain  protein  substrates  containing  either 
phosphotyrosine  or  phosphothreonine  (33).  In  addition, 
PTEN  can  dephosphorylate  PtdIns-3,4,5-P3  (23).  We  next 
asked  whether  the  three  tumor-derived  mutants  were  defective 
for  either  of  these  functions.  When  produced  as  GST  fusion 
proteins,  all  three  mutant  proteins  were  defective  in  catalyzing 
the  release  of  phosphate  from  either  a  33P-labeIed  poly(Glu4- 
Tyri)  substrate  or  [3H]inositol  1,3,4,5-tetrakisphosphate 
([3H]IP4)  (Fig.  2  C  and  D). 
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Two  cat alytically  inert  PTEN  variants  were  created 
(PTEN;C124S  and  PTEN;D92A).  Mutations  of  the  corre¬ 
sponding  residues  in  other  phosphatases  results  in  loss  of 
enzymatic  activity  but  allows  for  preservation  of  substrate 
binding  and  have  been  termed  “substrate  trapping”  (34).  As 
predicted,  and  as  previously  published  (22,  23),  the  PTEN 
substrate-trapping  mutants  lack  catalytic  activity  (Fig.  2  C  and 
D  and  data  not  shown).  Nonetheless,  both  PTEN;C124S  and 
PTEN;D92A  retained  a  partial  ability  to  induce  cells  to 
accumulate  in  Gi  (Fig.  2^4  and  data  not  shown).  These  data 
suggest  that  sequestration  of  phosphorylated  substrates  might 
be  sufficient  for  cell-cycle  inhibition  by  PTEN.  PTEN;C124S 
can  induce  an  accumulation  of  PtdIns-3,4,5-P3  in  cells,  sug¬ 
gesting  that  there  may  be  stable  binding  to  this  substrate  (23). 
On  the  other  hand  the  C124S  mutant  is  defective  in  regulating 
cell  motility  (26).  Thus,  these  data  raised  the  possibility  that 
the  ability  of  PTEN  to  induce  a  Gi  block  was  distinct  from  cell 
motility  control  and  suggested  a  relationship  between  the 
ability  of  PTEN  to  interact  with  a  Ptdlns  substrate  and  the 
ability  to  arrest  cells  in  Gi. 

Protein  Phosphatase  Activity  Is  Not  Sufficient  for  Induction 
of  a  Gi  Block  by  PTEN.  We  next  compared  the  G129R  mutant 
to  a  second  mutant  in  which  the  same  codon  is  affected 
(G129E).  G129E  is  encoded  by  a  PTEN  allele  found  in  the 
germ-line  PTEN  gene  of  two  families  afflicted  with  CD  (35). 
Others  have  found  that  protein  phosphatase  activity  of 
PTEN;G129E  is  equivalent  to  the  wild-type  protein  (22)  and 
that  PTEN;G129E  is  comparable  to  wild-type  PTEN  in  its 
ability  to  inhibit  cell  spreading  (26).  Indeed,  in  our  assays  we 
likewise  see  retention  of  protein  phosphatase  activity  (Fig. 
3D).  In  five  preparations  of  GST-PTEN;G129E,  activity  varied 
from  30%  to  70%  of  the  wild-type  activity  (Fig.  3D  and  data 
not  shown).  However,  when  produced  in  786-0  cells,  this 
PTEN  mutant  did  not  induce  a  Gi  block  (Fig.  3 A).  Thus,  both 
G129E  and  G129R  failed  to  induce  a  Gi  block,  even  though  the 
former  retains  protein  phosphatase  activity  (Fig.  3D).  We  next 
asked  whether  the  G129E  mutant  might  be  defective  in 
dephosphorylating  [3H]IP4,  as  a  measure  of  lipid  phosphatase 
activity.  Indeed,  although  PTEN;WT  catalyzed  the  dephos¬ 
phorylation  of  [3H]IP4,  neither  G129R  nor  G129E  had  mea¬ 
surable  activity  in  this  assay  (Fig.  3C).  Thus,  the  ability  of 
PTEN  to  induce  a  cell-cycle  block  correlated  best  with  its 
ability  to  dephosphorylate  a  lipid  substrate,  and  preservation 


A  BCD 


Fig.  2.  Substrate  trapping  variants  of  PTEN  induce  a  Gi  block  but 
tumor-derived  mutants  do  not.  (A)  Comparison  of  wild-type,  sub¬ 
strate-trapping  and  C-terminal  mutant  forms  of  PTEN  in  the  cell-cycle 
assay.  786-0  cells  were  cotransfected  with  pCD19  and  plasmids 
encoding  the  indicated  proteins  and  analyzed  as  in  Fig.  1  A.  ( B ) 
Expression  of  PTEN  proteins  in  786-0  cells.  786-0  cells  were  trans¬ 
fected  with  plasmids  encoding  the  indicated  proteins.  Forty  hours  after 
transfection  anti-HA  immunoprccipitates  of  protein  extracts  prepared 
from  metabolically  labeled  cells  were  separated  by  gel  electrophoresis 
and  subjected  to  fluorography.  (C)  Inositol  phosphatase  activity  of 
GST-PTEN  and  mutant  derivatives.  The  indicated  GST-PTEN  fusion 
proteins  were  used  to  dephosphorylate  [3H]IP4.  (D)  Protein  tyrosine 
phosphatase  activity  of  GST-PTEN  and  mutant  derivatives.  The 
indicated  GST-PTEN  fusion  proteins  were  used  to  dephosphorylate 
33P-Iabclcd  poly(Glu4-Tyn)  copolymers.  (A,  C,  and  D)  The  mean  and 
SEM  of  two  experiments  are  shown. 


Fig.  3.  CD  mutant  G129E  preserves  protein  phosphatase  activity 
but  lacks  inositol  phosphatase  activity  and  is  incapable  of  inducing  a 
Gi  block.  64)  Comparison  of  wild-type  PTEN  and  the  mutants  G129R 
and  G129E  in  the  cell-cycle  assay.  786-0  cells  were  cotransfected  with 
pCD19  and  plasmids  encoding  the  indicated  proteins  and  analyzed  as 
in  Fig.  1  A.  ( B )  Comparison  of  the  expression  of  wild-type  PTEN  and 
the  mutants  G129R  and  G129E  in  786-0  cells.  786-0  cells  were 
transfected  with  plasmids  encoding  the  indicated  proteins.  Anti-HA 
immunoprccipitates  of  protein  extracts  prepared  from  metabolically 
labeled  cells  were  separated  by  gel  electrophoresis  and  subject  to 
fluorography.  (C)  Inositol  phosphatase  activity  of  GST-PTEN  and 
mutant  derivatives.  The  indicated  GST-PTEN  fusion  proteins  were 
analyzed  as  in  Fig.  2C.  (D)  Protein  tyrosine  phosphatase  activity  of 
GST-PTEN  and  mutant  derivatives.  The  indicated  GST-PTEN  fusion 
proteins  were  analyzed  as  in  Fig.  2D.  (A,  C,  and  D)  The  mean  and  SEM 
of  two  experiments  are  shown. 
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of  protein  phosphatase  activity,  as  measured  in  vitro,  was  not 
sufficient  for  the  induction  of  a  Gi  block. 

Akt  Is  Downstream  of  PTEN.  Thus,  our  data  suggested  that 
the  ability  of  PTEN  to  regulate  cell-cycle  progression  was 
dependent  upon  its  ability  to  dephosphorylate  PtdIns-3,4,5-P3 
and  raised  the  possibility  that  the  regulation  of  downstream 
targets  of  phosphatidylinositol  3-kinase  might  be  critical  for 
PTEN-mediated  cell-cycle  control.  One  such  effector  is  the 
protein  product  of  the  protooncogene  AKT.  We  next  sought  to 
determine  whether  PTEN  might  down-regulate  Akt  kinase 
activity.  U2-OS  cells  were  transiently  transfected  with  an 
empty  vector  plasmid  or  a  plasmid  encoding  T7-epitope  tagged 
Akt  along  with  the  backbone  vector  plasmid  or  plasmids 
encoding  HA-PTEN  or  PTEN;G129E.  Akt  was  recovered  by 
anti-T7  immunoprecipitation  and  used  to  phosphorylate  a 
polypeptide  substrate  in  the  presence  of  [?-32P]ATP.  PTEN 
efficiently  down-regulated  Akt  kinase  activity,  whereas 
PTEN;G129E  did  not  (Fig.  4  A  and  B).  Identical  results  were 
obtained  when  this  experiment  was  carried  out  in  786-0  cells, 
which  lack  PTEN  protein  (data  not  shown).  Thus,  PTEN  can 
negatively  regulate  Akt  kinase  activity. 

We  next  asked  whether  Akt  or  a  myristoylated  form  of  Akt 
could  override  a  PTEN-induced  Gi  block.  786-0  cells  were 
transiently  transfected  with  pCD19  and  plasmids  encoding 
either  empty  vector  or  wild-type  PTEN  and  either  empty 
pLNCX  vector  or  pLNCX  plasmids  encoding  Akt  or  the 
indicated  derivatives.  Although  wild-type  Akt  had  a  minimal 
effect  on  the  PTEN-induced  Gi  block,  a  myristoylated  form  of 
Akt  that  is  targeted  to  the  membrane  independently  of  Ptdlns- 
3.4.5-Pj  overcame  a  PTEN  block.  In  contrast,  kinase-inactive 
versions  of  both  Akt  and  Myr-Akt  were  unable  to  override 
PTEN  (Fig.  4C).  PTEN  levels  were  unchanged  by  overpro¬ 
duction  of  Akt  or  the  indicated  derivatives  (data  not  shown). 
These  data  suggest  that  PTEN-mediated  cell-cycle  inhibition 
depends  on  negative  regulation  of  the  phosphatidylinositol 
3-kinase/Akt  signaling  pathway. 


Fig.  5.  Cells  lacking  PTEN  protein  contain  high  levels  of  Akt, 
phosphorylated  on  Ser-473.  The  indicated  cells  lines  were  serum- 
deprived  for  24  h  in  duplicate.  One  plOO  plate  from  each  pair  was  refed 
with  fresh  medium  containing  10%  fetal  calf  serum  for  90  min,  after 
which  protein  extracts  were  prepared  and  subject  to  immunoblot 
analysis  with  an  antibody  directed  at  Akt  phospho-Ser-473  (Upper)  or 
an  antibody  that  recognizes  Akt  independent  of  its  phosphorylation 
status  (Lower). 

If  Akt  is  a  critical  downstream  target  of  PTEN  tumor 
suppressor  function,  tumors  or  cell  lines  that  lack  PTEN 
protein  might  be  predicted  to  harbor  elevated  levels  of  Akt 
kinase  activity.  As  a  measure  of  endogenous  Akt  activity,  we 
subjected  cell  extracts  to  immunoblotting  with  an  antibody 
specific  to  phospho-Ser-473  on  Akt.  Phosphorylation  of  this 
residue  along  with  Thr-308  is  required  for  Akt  kinase  activity 
(36).  Protein  extracts  from  duplicate  plates  of  a  panel  of  either 
PTEN+  or  PTEN-  cells  were  prepared  after  serum  depriva¬ 
tion  or  after  90  min  of  serum  stimulation  and  immunoblotted 
with  the  phospho-specific  antibody.  Protein  extracts  prepared 
from  cells  that  contain  PTEN  protein  by  immunoblot,  ACHN, 
DU145,  and  U2-OS  (Fig.  ID  and  data  not  shown)  were  found 
to  have  little  phosphorylated  Akt  (Fig.  5  Upper).  In  contrast, 
cells  that  lack  PTEN  protein,  786-0,  LNCaP,  and  PC-3  (Fig. 
ID  and  data  not  shown),  had  increased  levels  of  phosphory¬ 
lated  Akt  that  was  not  down-regulated  by  serum  withdrawal 
(Fig.  5  Upper).  Levels  of  total  Akt-1  protein  in  these  cells  were 
comparable  (Fig.  5  Lower).  Thus,  loss  of  PTEN,  in  these  tumor 
cell  lines,  was  specifically  correlated  with  a  deregulation  of  the 
phosphorylated  form  of  Akt. 
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Fig.  4.  PTEN  inhibits  Akt  kinase  activity  and  an  activated  form  of 
Akt  can  override  a  PTEN  induced  Gi  block.  (A)  Inhibition  of  Akt 
kinase  by  wild-type  PTEN.  U2-OS  cells  were  transfected  with  plasmids 
encoding  the  indicated  proteins.  After  transfection,  anti-T7  immuno- 
precipitates  were  prepared  and  used  to  phosphorylate  a  GST-peptide 
substrate  in  vitro.  Autoradiography  (Upper)  and  anti-T7  immunoblot 
(Lower)  of  the  same  membrane  are  shown.  The  black  arrow  indicates 
the  position  of  the  substrate.  Results  are  representative  of  two 
experiments.  (B)  Quantitation  of  32P  incorporation  in  A  with  a 
Phospholmager.  (C)  Myr-Akt  overrides  a  PTEN-induced  Gi  block. 
786-0  cells  were  transiently  cotransfected  with  pCD19  and  plasmids 
encoding  PTEN  with  empty  vector  (pLNCX)  or  with  plasmids  en¬ 
coding  the  indicated  Akt  proteins.  After  transfection  the  cells  were 
analyzed  as  in  Fig.  1  A.  The  mean  and  SEM  of  two  experiments  are 
shown. 


DISCUSSION 

Reintroduction  of  PTEN  into  786-0  cells  led  to  an  increase  in 
the  proportion  of  cells  in  Gi.  Whether  this  represents  a  block 
in  Gi  or  a  prolongation  of  Gi  awaits  further  study.  Every 
human  derived  PTEN  mutation  we  have  tested  to  date  has 
been  defective  in  this  cell-cycle  assay.  Thus,  it  is  clear  that  the 
Gi  arrest  is  a  reflection  of  a  critical  function  of  PTEN  that  is 
tightly  linked  to  its  function  as  a  tumor  suppressor  protein. 

What  are  the  underlying  mechanisms  by  which  PTEN  might 
exert  control  over  progression  through  Gi?  First,  this  function 
appears  to  be  quite  distinct  from  PTEN-mediated  inhibition  of 
cell  spreading  and  cell  motility.  PTEN  inhibition  of  cell 
motility  and  adhesion  was  observed  in  cells  containing  endog¬ 
enous  PTEN,  was  observed  in  cells  only  when  grown  on  a 
fibronectin  matrix,  and  was  not  observed  with  the 
PTEN;C124S  mutant.  In  contrast,  PTEN  overexpression  in¬ 
duced  a  Gi  block  in  cells  lacking,  but  not  in  cells  producing, 
PTEN  protein,  could  be  induced  in  cells  plated  on  poly-(L- 
lysine)-coated  plates,  and  was  partially  induced  by  the  C124S 
mutant.  Finally,  PTEN;G129E  clearly  separates  these  two 
functions,  because  this  mutant  inhibits  cell  spreading  compa¬ 
rably  to  the  wild-type  protein  (26)  but  is  incapable  of  arresting 
786-0  cells  in  Gi  (Fig.  3).  Thus,  these  data  suggest  that  the 
alterations  in  cell-cycle  profile  are  not  an  indirect  consequence 
of  inhibition  of  cellular  adhesion.  Furthermore,  that 
PTEN;G129E  preserves  protein  phosphatase  activity  and  can 
negatively  regulate  cell  spreading  yet  is  linked  to  the  devel¬ 
opment  of  CD  suggests  that  these  functions  are  not  sufficient 
for  suppression  of  the  CD  phenotype.  On  the  other  hand, 
PTEN;G129E  is  defective  in  the  cell-cycle  assay.  Thus,  this 
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biological  assay  might  be  indicative  of  PTEN  interactions  with 
critical  physiological  substrates,  regulation  of  which  might  be 
essential  for  preventing  the  onset  of  CD.  Indeed,  this  mutant 
is  defective  in  catalyzing  the  dephosphorylation  of  [3H]IP4, 
suggesting  that  in  vivo  dephosphorylation  of  PtdIns-3,4,5-P3  is 
a  critical  requirement  for  PTEN-mediated  suppression  of  CD. 
Similar  results  were  recently  reported  by  two  groups  (37,  38). 
Thus,  we  propose  that  the  development  of  CD  is  linked  to  a 
loss  of  PTEN  lipid  phosphatase  activity  and  to  the  subsequent 
deregulation  of  the  cell  cycle. 

In  support  of  this  notion,  mice  that  have  only  a  single  intact 
PTEN  allele  develop  a  syndrome  not  unlike  CD  and  are 
phenotypically  characterized  by  hyperplasia  and  dysplasia  of 
the  skin,  gastrointestinal  tract,  and  prostate  (27).  Notably,  in 
the  prostate  of  PTEN+/—  mice  both  Ki-67  staining  and  the 
mitotic  index  indicated  a  significant  increase  in  the  proportion 
of  cells  that  were  proliferating  when  compared  with  wild-type 
mice.  These  data  indicate  that  in  murine  prostate  epithelial 
cells,  the  cell-cycle  distribution  has  been  altered  by  PTEN  loss 
(27).  In  addition,  wide-spread  increased  bromodeoxyuridine 
incorporation  is  found  in  PTEN  mutant  embryos  at  day  7.5  to 
8.5  when  compared  with  wild-type  embryos  (39).  Finally, 
PTEN-mediated  growth  inhibition  was  recently  linked  to 
induction  of  a  Gi  arrest  rather  than  induction  of  apoptosis  in 
glioblastoma  cell  lines  (37). 

Thus,  our  data  and  the  data  describing  proliferative  abnor¬ 
malities  in  PTEN+/—  mice  suggest  that  PTEN  plays  a  role  in 
cell-cycle  control.  This  function  in  turn  appears  to  require  lipid 
phosphatase  activity.  These  data  led  us  to  ask  whether  Akt,  a 
known  downstream  target  of  phosphatidylinositol  3-kinase 
that  is  activated  by  PtdIns-3,4,5-P3,  could  act  downstream  of 
PTEN.  First,  we  found  that  wild  type  but  not  the  G129E 
mutant  of  PTEN  could  inhibit  Akt  kinase  activity,  suggesting 
again  that  PTEN  protein  phosphatase  activity  is  not  sufficient 
for  inhibition  of  Akt.  We  next  asked  whether  Akt  could 
override  a  PTEN-mediated  cell-cycle  block.  In  keeping  with 
the  role  of  PTEN  in  limiting  the  availability  of  PtdIns-3,4,5-P3, 
wild-type  Akt  was  ineffective  in  this  assay,  whereas  expression 
of  a  myristoylated  form  of  Akt  led  to  an  override  of  the  PTEN 
cell-cycle  block.  These  data  support  the  notion  that  Akt  is  an 
important  downstream  target  of  PTEN  regulation.  Similar 
conclusions  have  been  reached  by  studying  the  effect  of  PTEN 
loss  on  murine  fibroblasts  (39). 

Inducible  expression  of  phosphatidylinositol  3-kinase  can 
induce  DNA  synthesis  in  the  absence  of  serum  and  is  thus 
sufficient  for  initiation  of  this  process  (40).  Akt  and  phospha¬ 
tidylinositol  3-kinase  can  activate  a  number  of  downstream 
targets  that  may  be  involved  in  the  regulation  cell  proliferation 
(41).  The  ribosomal  protein  p70S6K  regulates  the  increased 
translation  of  a  subset  of  mRNA  species  thought  to  be 
important  for  cell-cycle  progression  and,  indeed,  inactivation 
of  p70S6K  function  leads  to  an  arrest  of  cells  in  G3  (42,  43). 
Likewise,  Akt  can  induce  phosphorylation  of  4E-BP1,  an  event 
that  leads  to  4E-BP1  dissociation  from  the  eukaryotic  initia¬ 
tion  factor  eIF4E  and  a  subsequent  “disinhibition”  of  trans¬ 
lation  (44).  eIF4E  when  overproduced  transforms  NIH  3T3 
cells  and,  thus,  like  Akt,  is  an  attractive  tumor  suppressor 
target  (45).  Which  component(s)  in  the  phosphatidylinositol 
3-kinase/Akt  pathway  are  rate-limiting  for  S  phase  entry  is  not 
known. 

Akt  is  also  an  important  component  of  a  cell-survival 
signaling  pathway  and  in  this  capacity  can  phosphorylate  and 
inactivate  the  Bcl-2  family  member  BAD,  rendering  it  inca¬ 
pable  of  blocking  Bcl-2  or  Bcl-XL  activity  (41,  46,  47).  Recent 
data  has  shown  that  PTEN-/—  cells  are  resistant  to  apoptotic 
stimuli  and  that  regulation  of  Akt  is  abnormal  in  PTEN- 
deficient  fibroblasts  (39).  To  date,  we  have  not  seen  an  increase 
in  apoptosis  upon  reintroduction  of  PTEN  into  786-0  cells 
(Table  1).  Among  many  possibilities,  these  data  may  indicate 
that  additional  inactivating  mutations  have  been  sustained  in 


this  cell  line,  rendering  it  incapable  of  responding  to  a  variety 
of  apoptotic  signals.  Finally,  increases  in  phosphatidylinositol 
3-kinase  activity  do  not  uniformly  result  in  protection  from 
apoptosis.  In  certain  circumstances,  phosphatidylinositol  3-ki¬ 
nase  activity  can  induce  cell-cycle  progression  and,  in  fact, 
promote  apoptosis  (40)  (R.  Narsimhan  and  T.M.R.,  unpub¬ 
lished  data).  The  notion  that  PTEN  may  regulate  both  cell- 
cycle  and  cell-survival  functions  is  strikingly  similar  to  the 
tumor  suppressor  functions  imputed  to  p53.  Thus  PTEN,  like 
p53,  may  serve  to  coordinate  these  activities,  although  possibly 
in  response  to  different  sets  of  signals  (48). 

If  Akt  is  a  critical  downstream  target  of  PTEN,  tumor  cells 
that  lack  PTEN  might  be  predicted  to  harbor  excessive  Akt 
activity.  Immunoblots  of  protein  extracts  from  cells  that  were 
characterized  as  PTEN-  or  PTEN 4*  (Fig.  ID  and  data  not 
shown)  were  found  to  have  a  marked  increase  in  the  amount 
of  Akt  phosphorylated  on  Ser-473  (Fig.  5).  This  inverse 
correlation  between  PTEN  and  activated  Akt  again  argues  for 
a  role  for  PTEN  in  Akt  regulation  in  tumors.  In  this  regard, 
inhibition  of  Akt  activity  by  a  dominant  negative  form  of  Akt 
blocks  BCR-ABL  transformation  of  murine  myeloid  cells  and 
stable  expression  of  antisense  Akt2  reduces  tumorigenicity  of 
pancreatic  cancer  cell  lines  known  to  have  amplified  Akt  (49, 
50).  Thus,  inhibition  of  Akt  family  members  in  these  settings 
does  demonstrate  antitumor  activity.  Whether  activated  Akt  is 
necessary  for  the  transformed  phenotype  of  PTEN  null  tumors 
is  a  critical  question.  Nonetheless,  our  data  raise  the  possibility 
that  PTEN  null  tumors  may  be  susceptible  to  Akt  inhibition  as 
a  cancer  treatment  strategy. 
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ABSTRACT 

The  tumor  suppressor  gene  PTEN/MM AC-l/TEP-1  (referred  to  here¬ 
after  as  PTEN)  maps  to  chromosome  10q23  and  encodes  a  dual  specificity 
phosphatase.  The  PTEN  protein  negatively  regulates  cell  migration  and 
cell  survival  and  induces  a  Gj  cell  cycle  block  via  negative  regulation  of 
the  phosphatidylinositol  3' -kinase/protein  kinase  B/Akt  signaling  path¬ 
way.  PTEN  is  frequently  mutated  or  deleted  in  both  prostate  cancer  cell 
lines  and  primary  prostate  cancers.  A  murine  polyclonal  antiserum  was 
raised  against  a  glutathione  S-transferase  fusion  polypeptide  of  the  COOH 
terminus  of  PTEN.  Archival  paraffin  tissue  sections  from  109  cases  of 
resected  prostate  cancer  were  immunostained  with  the  antiserum,  using 
DU145  and  PC-3  cells  as  positive  and  negative  controls,  respectively. 
PTEN  expression  was  seen  in  the  secretory  cells.  Cases  were  considered 
positive  when  granular  cytoplasmic  staining  was  seen  in  all  tumor  cells, 
mixed  when  areas  of  both  positive  and  negative  tumor  cell  clones  were 
seen,  and  negative  when  adjacent  benign  prostate  tissue  but  not  tumor 
tissue  showed  positive  staining.  Seventeen  cases  (15.6%)  of  prostate  cancer 
were  positive,  70  cases  (64.2%)  were  mixed,  and  22  cases  (20.2%)  were 
negative.  Total  absence  of  PTEN  expression  correlated  with  the  Gleason 
score  ( P  ~  0.0081)  and  correlated  more  significantly  with  a  Gleason  score 
of  7  or  higher  (P  =  0.0004)  and  with  advanced  pathological  stage  (Amer¬ 
ican  Joint  Committee  on  Cancer  stages  T3b  and  T4;  P  =  0.0078).  Thus, 
loss  of  PTEN  protein  is  correlated  with  pathological  markers  of  poor 
prognosis  in  prostate  cancer. 

INTRODUCTION 

PTEN  is  a  tumor  suppressor  gene  that  maps  to  the  10q23.3  interval 
(1-3).  The  protein  product,  PTEN,  shares  homology  with  the  cy- 
toskeletal  protein  tensin  and  the  secretory  vesicle  protein  auxilin  and 
also  with  dual  specificity  phosphatases.  Indeed,  recombinant  PTEN 
exhibits  activity  against  both  phosphotyrosine-  and  phosphothreonine- 
containing  protein  substrates  (4).  Overexpression  of  PTEN  suppresses 
tumor  colony  formation  in  certain  cell  lines  and  can  suppress  tumor 
formation  in  nude  mice  (5-7).  PTEN  overexpression  can  also  nega¬ 
tively  regulate  cellular  adhesion  and  cell  mobility  on  fibronectin- 
coated  plates  (8).  This  activity  may  result  from  PTEN-mediated 
dephosphorylation  of  focal  adhesion  kinase.  PTEN  may  also  alter 
mitogen-activated  protein  kinase  signaling  (9). 

PTEN  can  also  act  as  a  lipid  phosphatase.  Specifically,  PTEN  can 
dephosphorylate  phosphotidylinositol  3,4,5-trisphosphate  and  phos- 
photidylinositol  3,4-trisphosphate,  which  are  both  direct  products  of 
PI3K3  activity  (10).  We  and  others  have  shown  that  PTEN  can  inhibit 
cell  cycle  progression  and  induce  a  G!  arrest.  This  function  appears  to 
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require  the  lipid  phosphatase  activity  of  PTEN,  resulting  in  the  neg¬ 
ative  regulation  of  the  PI3K/Akt  signaling  pathway  (11-13).  A  sig¬ 
nificant  increase  in  the  level  of  the  cell  cycle  kinase  inhibitor  p27KIP1 
occurs  with  concomitant  decreases  in  G,  cyclin-dependent  kinase 
activity  upon  the  introduction  of  PTEN  into  human  glioblastoma 
U87MG  cells,  suggesting  that  p27  may  be  a  target  of  the  PTEN  cell 
cycle  arrest  pathway  (13).  In  keeping  with  these  data,  heterozygous 
loss  of  the  murine  PTEN  gene  ( mPTEN)  leads  to  an  increase  in  the 
mitotic  index  and  the  Ki-67  staining  index  in  the  murine  prostate  (7). 
In  addition,  PTEN  negatively  regulates  Akt-dependent  cell  survival 
(14-17).  Akt  is  one  of  the  key  regulatory  molecules  involved  in  the 
protection  of  cells  against  apoptosis.  These  data  support  the  idea  that 
PTEN  negatively  regulates  cell  growth  and/or  proliferation  through  its 
ability  to  act  as  an  in  vivo  phosphoinositide  3-phosphatase,  thus 
negatively  regulating  the  PI3K/Akt  signaling  pathway. 

Germ-line  mutations  of  PTEN  have  been  detected  in  cases  of 
Cowden  disease  and  Bannayan-Zonana  syndrome,  two  related  hamar¬ 
toma  syndromes  (18-20).  Patients  with  Cowden  disease  have  an 
elevated  risk  of  various  cancers,  including  breast  and  thyroid  cancer. 
Alterations  of  the  second  PTEN  allele  have  been  demonstrated  in 
gastrointestinal  polyps  in  patients  with  Cowden  disease  (21). 

Somatic  alterations  of  PTEN  are  common  in  certain  cell  lines  and 
in  primary  tumors  including  gliomas  (22-25),  melanoma  (26,  27),  and 
thyroid  (28)  and  endometrial  cancers  (29,  30).  On  the  other  hand, 
somatic  alterations  are  rare  in  breast  (31)  and  renal  cancer  (32)  and 
were  not  detected  in  a  series  of  squamous  carcinomas  from  the  head 
and  neck  (33).  PTEN  mutations  and  allele  loss  at  10q23  appear  to  be 
a  late  event  in  glioblastoma,  melanoma,  and  prostate  cancer  (22-26, 
34).  In  contrast,  PTEN  alterations  are  more  common  in  benign  tumors 
than  in  malignant  thyroid  tumors  (28)  and  also  occur  in  a  proportion 
of  cases  of  endometrial  hyperplasia,  a  precursor  of  endometrial  car¬ 
cinoma  (35),  suggesting  that  the  genetic  alteration  may  occur  at  an 
early  stage  in  these  tumors. 

Prostate  cancer  is  the  most  prevalent  form  of  cancer  in  men  in  the 
Western  world  and  is  the  second  most  common  cause  of  male  cancer 
deaths  in  the  United  States  (36).  Pathological  stage  and  Gleason  grade 
are  important  predictors  of  prognosis  in  patients  with  primary  prostate 
cancer  who  undergo  radical  prostatectomy.  Prostate  cancer,  however, 
is  a  remarkably  heterogeneous  disease.  Distinguishing  tumors  associ¬ 
ated  with  a  poor  outcome  at  the  time  of  radical  prostatectomy  is 
problematic.  The  molecular  mechanisms  of  prostate  carcinogenesis 
remain  poorly  understood.  LOH  of  lOq  has  been  reported  to  occur  in 
prostate  cancer  with  a  high  frequency  (30-60%;  Refs.  37  and  38),  and 
two  distinct,  commonly  deleted  regions  have  been  identified  at 
10q22-q24  and  10q25,  respectively,  implying  the  presence  of  puta¬ 
tive  tumor  suppressor  genes  at  these  loci  (38).  Homozygous  deletions 
and  somatic  mutations  of  PTEN  have  been  identified  in  prostate  cell 
lines  and  tumor  specimens  (1,2,  34,  39-45).  Marked  heterogeneity  of 
PTEN  alterations  has  been  observed  in  metastatic  prostate  cancer 
tissues  (43).  Loss  of  PTEN  expression  is  more  frequently  detected  in 
xenografts  of  cell  lines  (34).  PTEN  may  be  inactivated  by  mechanisms 
other  than  gene  deletion  and  mutations,  including  promoter  methyla- 
tion  or  translational  modification  (34).  However,  other  groups  failed 
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to  detect  PTEN  methylation  in  prostate,  bladder,  and  renal  cell  cancer 
with  LOH  of  lOq  when  a  PCR-based  assay  was  used  (32,  40). 

In  this  study,  we  wanted  to  assess  the  extent  of  loss  of  the  PTEN 
protein  in  prostate  cancer  using  immunohistochemistry.  We  analyzed 
the  pattern  of  immunohistochemical  staining  in  109  cases  of  paraffin- 
embedded  resected  prostate  cancer  using  a  murine  polyclonal  anti¬ 
body  to  PTEN.  Detection  of  PTEN  protein  was  correlated  with  the 
Gleason  score  and  the  pathological  stage  of  the  tumor,  known  prog¬ 
nosticators  in  prostate  cancer. 

MATERIALS  AND  METHODS 

Tissue  Specimens.  We  used  cases  from  a  prostate  database  consisting  of 
128  paraffin-embedded  prostate  cancers  that  had  been  collected  in  the  Depart¬ 
ment  of  Pathology,  Beth  Israel  Deaconess  Medical  Center,  West  Campus, 
dating  from  1990-1997.  This  database  has  been  described  previously  (46-49). 
Nineteen  cases  were  transurethral  resection  specimens.  We  used  the  remaining 
109  radical  prostatectomy  specimens  for  this  study.  Follow-up  data  were 
available  on  69  cases  in  the  database,  with  a  mean  patient  follow-up  of  19.84 
months.  The  pathological  tumor  (T)  stage  (American  Joint  Committee  on 
Cancer;  Ref.  50)  and  Gleason  score  were  available  in  each  case.  Five  of  the 
109  cases  had  been  treated  with  preoperative  total  androgen  ablation.  For  each 
case,  a  representative  paraffin  block  was  selected  that  contained  both  tumor 
and  benign  prostate  tissue. 

Processing  of  Cell  Lines  and  Cell  Blocks.  DU145,  PC-3,  and  LNCaP 
prostate  cancer  cell  lines  were  obtained  from  the  American  Type  Culture 
Collection.  The  U2-OS  cell  line  was  a  generous  gift  of  W.  G.  Kaelin  (Dana- 
Farber  Cancer  Institute).  DU145  cells  contain  one  wild-type  PTEN  allele  and 
a  second  variant  allele  0 Ml 341).  PC-3  cells  have  sustained  a  homozygous 
deletion  of  PTEN.  LNCaP  cells  have  a  deletion  of  one  allele  and  a  mutation  of 
the  other  PTEN  allele,  and  the  genetic  state  of  PTEN  has  not  been  characterized 
in  U2-OS  cells.  LNCaP  and  PC-3  cells  were  grown  in  RPMI  1640  supple¬ 
mented  with  d- glucose,  HEPES  buffer,  L-glutamine,  PPj,  penicillin,  strepto¬ 
mycin,  and  10%  fetal  bovine  serum.  DU145  cells  were  maintained  in  DMEM 
supplemented  with  penicillin,  streptomycin,  and  10%  fetal  bovine  serum,  and 
U2-OS  cells  were  maintained  in  DMEM  supplemented  with  penicillin,  strep¬ 
tomycin,  and  10%  fetal  clone  (HyClone).  All  cells  were  grown  on  PI 00  tissue 
culture  dishes  at  37°C.  LNCaP  and  PC-3  cells  were  grown  in  a  5%  C02 
atmosphere,  and  DU145  and  U2-OS  cells  were  grown  in  a  10%  C02  atmo¬ 
sphere.  Cell  pellets  were  created  from  DU  145  and  PC-3  cells,  fixed  in  10% 
formalin  overnight,  and  then  processed  in  the  regular  manner  for  pathology 
specimens  to  produce  paraffin  cell  blocks. 

Plasmids.  A  cDNA  fragment  of  the  PTEN  gene  encoding  amino  residues 
239-403  was  amplified  by  PCR  using  primers  WRSO-56  (5'-GACTGGATC- 
CATGTACTTTGAGTTCCCTCAGCC-3 ')  and  WRSO-57  (5'-CGCGGAAT- 
TCTCAGACTTTTGTAATTTGTGTATGC-3,)  from  a  cDNA  library  derived 
from  human  embryonic  kidney  293  cells  (51).  The  resulting  PCR  fragment  was 
isolated,  restricted  with  BamHl  and  EcoRI,  and  ligated  to  similarly  restricted 
pSG5L  to  produce  pSG5L-PTEN  (239-403).  This  cDNA  was  confirmed  by 
sequencing.  The  insert  from  this  plasmid  was  excised  and  ligated  to  BairiHV 
EcoRI-restricted  pGEX2T  vector  to  produce  pGEX2T-PTEN  (239-403)  plas¬ 
mid. 

Antibodies.  Recombinant  GST-PTEN  (239-403)  was  produced  in  Esche¬ 
richia  coli  and  affinity-purified  on  glutathione-Sepharose  beads  by  conven¬ 
tional  methods  (52).  Mice  were  inoculated  with  100  jug  of  GST-PTEN  (239- 
403)  mixed  with  Freund’s  complete  adjuvant.  Two  weeks  later,  the  mice 
received  a  subsequent  boost  of  100  fig  of  the  purified  protein  in  Freund’s 
incomplete  adjuvant.  Immune  sera  (Ml)  was  obtained  by  orbital  sinus  punc¬ 
ture. 

In  Vitro  Translation,  Immunoprecipitation,  and  Immunoblotting.  Full- 
length  HA-tagged  PTEN  protein  (HA-PTEN)  was  produced  in  vitro  by  cou¬ 
pled  transcription  and  translation  of  the  pSG5L-PTEN  plasmid  using  the  TnT 
kit  (Promega,  Madison,  WI).  Cell  extracts  were  prepared  in  the  following 
manner.  Cells  grown  on  PI 00  plates  were  washed  twice  with  PBS  and  then 
lysed  on  the  plate  in  500  jtil  of  TNN  buffer  [150  mM  NaCl,  50  mM  Tris  (pH 
7.4),  and  0.5%  NP40]  at  4°C  for  20  min.  Collected  extracts  were  then  cleared 
by  centrifugation  at  14,000  rpm  for  15  min.  Immunoprecipitations  of  in  vitro 
translated  products  were  carried  out  at  4°C  in  NET-N  buffer  [120  mM  NaCl,  10 


mM  EDTA  (pH  8.0),  100  M  Tris  (pH  7.4),  and  0.5%  NP40]  along  with  5  jllI  of 
in  vitro  translated  PTEN  in  250  jul  of  NET-N.  One  jul  of  antiserum  was  used 
per  immunoprecipitation  experiment.  Immune  complexes  were  captured  on 
protein  A-Sepharose  beads  (30  jul  of  1:1  beads),  washed  five  times  with 
NET-N,  and  boiled  in  IX  Laemmli  sample  buffer.  Whole  cell  extracts  or 
immunoprecipitates  were  separated  by  vertical  gel  electrophoresis  on  7.5% 
gels.  Proteins  were  transferred  to  Sequi-blot  polyvinylidene  difluoride  mem¬ 
brane  (Bio-Rad)  by  wet  transfer  in  Towbin’s  buffer  for  6-16  h.  Immunoblots 
were  blocked  in  TBS  +  4%  milk.  Ml  was  used  at  a  concentration  of  1:10,000 
in  TBS  +  4%  milk.  Alkaline  phosphatase-conjugated  goat  antimouse  antibody 
was  the  secondary  antibody. 

Immunohistochemistry.  Five-/xm  sections  were  cut  from  the  selected 
paraffin  blocks  of  prostate  tumor  and  the  DU  145  and  PC-3  cell  blocks, 
mounted  on  charged  glass  slides,  baked  at  60°C  for  60  min,  deparaffinized,  and 
rehydrated  through  graded  alcohol  rinses.  Slides  were  immersed  in  10  mM/liter 
citrate  buffer  (pH  6.0;  Biogenex,  San  Ramon,  CA)  and  microwaved  in  a  750 
W  oven  inside  a  pressure  cooker  for  30  min.  The  slides  were  cooled  at  room 
temperature  for  15  min  and  rinsed  in  tap  water.  A  1:2000  dilution  of  Ml,  the 
PTEN  murine  polyclonal  antiserum,  was  applied  for  32  min  at  37°C.  An 
automated  processor  (Ventana  ES;  Ventana  Medical  Systems,  Tuscon,  AZ) 
was  used  to  incubate  the  slides  in  blocker  (10%  normal  goat  serum  and  10% 
normal  horse  serum  in  Ventana  diluent)  for  8  min,  followed  by  an  incubation 
in  secondary  antibody  conjugated  to  an  avidin-biotin  peroxidase  complex 
(antirabbit  and  antimouse).  Finally,  3,3'-diaminobenzidine  was  used  as  a 
substrate  to  detect  bound  antibody  complex.  The  slides  were  counterstained 
with  hematoxylin.  Standardization  of  the  incubation  and  development  times 
allowed  an  accurate  comparison  of  expression  levels  in  all  cases. 

Analysis  of  Immunohistochemical  Staining.  Positive  cases  were  defined 
by  the  presence  of  granular,  crisp  cytoplasmic  staining,  as  seen  in  the  DU  145 
positive  control  samples.  The  cases  were  initially  divided  into  three  groups:  (a) 
positive  (the  entire  tumor  showed  staining);  (b)  mixed  (both  positive  and 
negative  cells/glands  were  present);  and  (c)  negative  (no  staining  was  seen  in 
the  represented  tumor).  The  grading  of  PTEN  expression  was  performed 
without  knowledge  of  the  Gleason  score  or  pathological  stage.  The  presence  of 
positive  staining  in  PIN  was  noted.  The  cases  were  then  divided  into  those  that 
showed  positive  staining  (positive  and  mixed  groups)  and  those  with  a  total 
absence  of  staining  (negative  group). 

Statistical  Analysis.  We  tested  for  associations  between  PTEN  expression 
and  Gleason  score  or  pathological  stage  of  disease  using  the  Mann- Whitney 
nonparametric  V  test,  the  c2  test,  or  Fisher’s  exact  test,  as  appropriate.  All 
calculations  were  performed  using  StatView  4.5  software  (Abacus  Concepts, 
Inc.,  Berkeley,  CA). 

RESULTS 

Characterization  of  the  Antibody.  A  murine  polyclonal  anti¬ 
serum  (Ml)  was  raised  against  a  protein  chimera  encoding  GST  and 
PTEN  amino  acid  residues  237-403.  HA-PTEN  was  produced  by  in 
vitro  translation  and  subjected  to  immunoprecipitation  with  Ml.  Pu¬ 
rified  anti-HA  antibody  and  the  Ml  preimmune  sera  served  as  positive 
and  negative  controls,  respectively.  Both  the  Ml  antiserum  and  the 
anti-HA  antibody  immunoprecipitated  HA-PTEN,  whereas  the  non- 
immune  serum  did  not  (Fig.  1,  left  panel).  To  determine  whether  Ml 
might  specifically  recognize  the  endogenous  PTEN  protein,  whole 
cell  protein  extracts  were  prepared  from  U2-OS  osteosarcoma  cells 
and  DU  145  and  PC-3  prostate  carcinoma  cells,  separated  by  electro¬ 
phoresis,  and  subjected  to  immunoblotting  with  Ml  antiserum  (Fig.  1, 
right  panel).  Ml  recognized  a  protein  species  of  approximately  Mr 
58,000  that  is  present  in  DU145  and  U2-OS  cells  but  is  absent  in  PC-3 
cells.  PC-3  cells  have  sustained  a  biallelic  deletion  of  the  PTEN  gene, 
whereas  DU  145  contains  a  wild-type  PTEN  allele  and  an  allele 
harboring  a  missense  change  at  codon  134  (M134L).  This  protein 
species  migrates  slightly  faster  than  the  in  vitro  translated  HA-PTEN. 
Taken  together,  these  data  indicate  that  the  recognized  protein  is 
endogenous  PTEN. 

PTEN  Expression  in  Human  Prostate  Cancer  Cell  Lines.  Next 
we  asked  whether  Ml  was  capable  of  recognizing  PTEN  by  immu- 
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Fig.  1 .  Immunoprecipitation  of  in  vitro  translated  HA-PTEN  with  the  murine  poly¬ 
clonal  antisera  Ml.  HA-PTEN  was  produced  by  in  vitro  translation  and  immunoprecipi- 
tated  with  either  anti-HA  antibody,  murine  polyclonal  antisera  Ml ,  or  nonimmune  murine 
antisera,  as  indicated  (left panel).  The  input  is  5  /xl  of  in  vitro  translated  HA-PTEN  loaded 
in  sample  buffer.  Immunoblot  detection  of  endogenous  PTEN  was  performed  using 
murine  polyclonal  antisera  Ml.Whole  cell  extracts  (150  p,g)  prepared  from  U2-OS  cells, 
PC-3  cells,  and  DU  145  cells  (as  indicated)  and  HA-PTEN  produced  by  in  vitro  translation 
were  separated  by  gel  electrophoresis,  transferred  to  polyvinylidene  difluoride  membrane, 
and  immunoblotted  with  murine  polyclonal  antisera  Ml  (right  panel). 


nohistochemistry.  Cell  blocks  were  prepared  from  DU145  and  PC-3 
cells  that  were  grown  in  culture.  Ml  was  then  used  to  detect  PTEN  in 
5-fjim  sections  from  these  paraffin  blocks  by  immunohistochemical 
means.  Strong  positive  granular  cytoplasmic  staining  was  detected  in 
DU145  cells,  but  PC-3  cells  were  negative  (Fig.  2,  A  and  B).  Thus, 
sections  of  cell  blocks  of  DU  145  and  PC-3  cell  lines  served  as  positive 
and  negative  controls,  respectively.  Preimmune  serum  also  served  as 
a  negative  control. 

Patient  Databases  and  Tumor  Characteristics.  The  mean  patient 
age  at  the  time  of  surgery  was  65.2  ±  8.4  years,  with  an  age  range  of 
40-86  years.  The  Gleason  score  of  the  tumors  ranged  from  4-9  with 
the  following  frequency:  (a)  Gleason  score  =  4,  4  tumors;  ( b )  Gleason 
score  =  5,  9  tumors;  (c)  Gleason  score  =  6,  17  tumors;  ( d)  Gleason 
score  =  7,  58  tumors;  ( e )  Gleason  score  =  8,  12  tumors;  and  if) 
Gleason  score  =  9,  9  tumors.  The  median  Gleason  score  was  7.  The 
cases  were  then  subdivided  into  two  groups:  (a)  those  with  a  Gleason 
score  <  7  (30  cases);  and  ( b )  those  with  a  Gleason  score  >  7  (79 
cases;  Table  1).  The  cases  were  divided  into  two  groups:  (a)  those 
with  either  organ-confined  disease  or  disease  extends  through  into  the 
prostate  capsule  (Tl-T3a;  83  cases);  and  ( b )  those  with  seminal 
vesicle  involvement  or  metastases  to  the  lymph  nodes  (T3b  and  T4;  26 
cases;  Table  2). 

PTEN  Expression  in  Human  Prostate  Tissue.  Benign  prostate 
epithelium  showed  positive  staining  for  PTEN  with  granular  cytoplas¬ 
mic  staining  observed  in  the  prostatic  secretory  cells.  PIN  was  present 
in  the  selected  slides  in  58  cases,  and  all  cases  showed  positive 
staining  (Fig.  3,  A1  and  A2).  The  cases  were  initially  divided  into  three 
groups:  (a)  positive  (the  entire  tumor  showed  staining);  (b)  mixed 
(both  positive  and  negative  cells/glands  were  present);  and  (c)  nega¬ 
tive  (no  staining  was  seen  in  the  represented  tumor).  Heterogeneous 
staining  of  the  tumors  was  present.  Seventeen  cases  (15.6%)  were 
positive  (Fig.  3,  B1  and  B2).  Seventy  cases  (64.2%)  showed  a  mixed 
staining  pattern.  Specifically,  there  were  areas  of  tumor  that  stained 
positively,  whereas  other  areas  of  tumor  showed  negative  staining 


(Fig.  3,  Cl  and  C2).  The  remaining  22  tumors  (20.2%)  were  negative 
(Fig.  3,  D1  and  D2).  The  cases  were  subsequently  divided  into  those 
that  showed  positive  staining  (positive  and  mixed  groups)  and  those 
with  a  total  absence  of  staining  (negative  group).  The  results  of  PTEN 
expression  in  each  group  were  compared. 

Correlation  of  PTEN  Expression  with  Gleason  Score  and  Path¬ 
ological  Stage.  Loss  of  PTEN  expression  correlated  significantly 
with  increasing  Gleason  score  (P  =  0.0081),  and  when  cases  were 
divided  into  those  with  a  Gleason  score  <  7  and  those  with  a  Gleason 
score  >:  7,  the  correlation  with  a  Gleason  score  >  7  was  highly 
significant  (P  =  0.0004).  Loss  of  PTEN  expression  also  correlated 
with  advanced  disease  (pathological  tumor  stage  T3c  and  T4; 
P  =  0.0078).  PTEN  expression  was  seen  in  two  of  the  five  tumors 
where  patients  had  undergone  preoperative  total  androgen  ablation. 

Follow-up  for  the  cohort  was  too  short  to  give  meaningful  survival 
figures  because  only  four  deaths  had  occurred  in  the  study  group. 

DISCUSSION 

In  this  study,  a  murine  polyclonal  antiserum  (Ml)  was  raised 
against  a  protein  chimera  encoding  GST  and  PTEN  amino  acid 
residues  237-403.  Using  this  antiserum,  the  expression  of  the  PTEN 
protein  was  determined  by  immunohistochemistry  in  109  prostate 
cancers  of  varying  grade  and  pathological  stage.  Whereas  PTEN  was 
expressed  in  all  cases  of  PIN,  the  presumed  precursor  lesion  of 


Fig.  2.  PTEN  expression  in  prostate  cancer  cell  lines.  Sections  of  cell  blocks  prepared 
from  (A)  DU145  cells  (which  contain  one  wild-type  PTEN  allele)  or  (B)  PC-3  cells  (which 
show  a  homozygous  deletion  of  PTEN)  were  stained  with  Ml  antiserum  as  described  in 
“Materials  and  Methods  ”  X400. 


Table  1  Obser\>ed  frequencies  for  PTEN  expression  and  Gleason  score 


PTEN  expression" 

Gleason  score 

Positive  (%) 

Mixed  (%) 

Negative  (%) 

<7 

10(9.2) 

20(18.3) 

0(0) 

>7 

7  (6.4) 

50  (45.9) 

22  (20.2) 

a  Negative  group  versus  positive  plus  mixed  groups,  P  =  0.0004. 


Table  2  Observed  frequencies  for  PTEN  expression  and  pathological  stage 


PTEN  expression" 

Pathological  stage 

Positive  (%) 

Mixed  (%) 

Negative  (%) 

Tl-T3a 

14(12.8) 

57  (52.3) 

12(11.0) 

T3b  and  T4 

3  (2.8) 

13(11.9) 

10(9.2) 

a  Negative  group  versus  positive  plus  mixed  groups,  P  —  0.0078. 
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Fig.  3.  PTEN  expression  in  prostate  tissue.  A,  PIN.  Al,  H&E-stained  section  of  PIN.  A2, 
positive  staining  for  PTEN  in  PIN.  B,  prostate  cancer  (Gleason  score,  3  +  3  =  6).  Bl, 
H&E-stained  section.  B2,  positive  staining  for  PTEN  in  prostate  cancer.  C,  an  example  of 
heterogeneous  expression  of  PTEN  in  a  case  of  prostate  cancer  (Gleason  score,  3  +  5  =  8). 
Cl,  prostate  cancer.  Gleason  grade  3  cancer  ( large  black  arrow),  Gleason  grade  5  cancer  (open 
arrow),  and  PIN  (short  black  arrow).  H&E-stained  section.  C2,  Gleason  grade  3  prostate 
cancer  stains  positively  for  PTEN  (see  large  black  arrow).  In  contrast,  Gleason  grade  5 
prostatic  carcinoma  is  negative  for  PTEN  expression  (open  arrow).  PIN  shows  positive 
staining  for  PTEN  (short  black  arrow).  D,  benign  prostate  acinus  with  surrounding  prostate 
cancer  (Gleason  score,  4  +  3  =  7).  Dl,  H&E-stained  section.  Small  arrow,  benign  prostatic 
glandular  epithelium;  large  arrow,  prostatic  adenocarcinoma).  D2,  positive  staining  for  PTEN 
in  benign  prostate  tissue  and  absence  of  staining  for  PTEN  in  prostate  cancer.  X200.  All  tissue 
sections  were  processed  as  described  in  “Materials  and  Methods.” 


prostate  cancer  (53),  total  loss  of  expression  of  PTEN  was  found  in 
20.2%  of  the  prostate  cancers.  In  an  additional  70  of  109  cases 
(64.2%),  there  was  a  mixed  pattern  of  staining,  with  areas  of  tumor 
with  positive  staining  and  other  areas  that  were  negative  for  PTEN.  A 
mixed  pattern  of  staining  for  PTEN  was  also  recently  found  in  glioma 
(54).  Finally,  15.6%  of  tumors  appeared  to  have  homogenous  positive 
staining  for  PTEN. 

In  this  data  set,  complete  PTEN  loss  was  found  to  correlate  signif¬ 
icantly  with  the  presence  of  high-stage  disease  (pathological  stage 
T3b  and  T4;  P  =  0.0078).  Indeed,  PTEN  mutations  and  allele  loss  at 
10q23  have  been  reported  to  occur  as  a  late  event  in  most,  albeit  not 
all,  tumors,  including  prostate  cancers  (22-26,  28,  34,  35).  We  also 
found  that  loss  of  PTEN  expression  correlated  significantly  with 
increasing  grade  of  prostate  cancer,  i.e.,  Gleason  score  (P  =  0.0081). 
When  cases  were  divided  into  those  with  a  Gleason  score  <  7  or  ^  7, 
loss  of  PTEN  expression  correlated  significantly  with  a  Gleason 
score  >7  (P  =  0.0004).  A  cut  point  between  Gleason  score  6  and  7 
has  previously  been  recommended  when  compression  of  the  Gleason 
score  is  required  (55).  Similarly,  PTEN  is  altered  in  high-grade 
gliomas,  but  not  in  low-grade  gliomas  (22,  23).  On  the  other  hand, 
PTEN  alteration  occurs  in  all  three  grades  of  endometrial  cancer  (29, 
30),  and  mutation  of  a  germ-line  PTEN  allele  predisposes  carriers  to 
breast  and  thyroid  cancer  in  humans  and  to  a  number  of  malignancies 
including  prostate  cancer  in  mice  (7,  18,  20,  56).  Thus,  PTEN  appears 
to  play  a  role  in  the  initiation  of  certain  tumors,  including  a  murine 
form  of  prostate  cancer,  and  may  play  a  role  in  the  progression  of 
other  tumors  such  as  gliomas  and  prostate  cancer.  Although  seemingly 
paradoxical,  the  role  of  PTEN  loss  as  an  initiating  event  versus  its  role 
as  an  agent  of  progression  might  arise  from  fundamental  differences 
between  tissues  with  respect  to  the  order  of  addition  of  various 
oncogenic  events.  For  example,  the  human  adult  male  prostate  epi¬ 
thelial  cell  might  not  tolerate  loss  of  PTEN  unless  the  loss  was  first 
preceded  by  a  permissive  mutational  event.  On  the  other  hand,  this 
paradox,  at  least  with  respect  to  the  prostate,  might  simply  reflect 
upon  our  current  ability,  or  lack  thereof,  to  detect  certain  PTEN 
mutational  events.  Indeed,  in  our  data  set,  the  vast  majority  (85%)  of 
tumors  had  a  portion  of  the  tumor  in  which  PTEN  staining  was  absent, 
in  keeping  with  the  marked  heterogeneity  of  PTEN  alterations  that  has 
been  reported  previously  in  metastatic  prostate  cancer  samples  (43).  If 
it  is  the  PTEN-null  portion  of  the  tumor  that  is  destined  to  become  the 
predominant  metastatic  clone,  then  the  apparent  lack  of  PTEN  muta¬ 
tions  in  such  organ-confined  tumors  might  simply  result  from  a  lack 
of  detection  by  conventional  methodologies. 

PTEN  alterations  have  also  been  described  in  prostate  cancer  cell 
lines,  xenografts,  and  tumors  (1,  2,  34,  39-44).  The  true  number  of 
inactivating  events  is  likely  to  be  greater  because  the  presence  of 
sequence  mutations  in  promoter/regulatory  regions  was  not  excluded 
by  these  studies.  Of  interest,  there  has  been  no  evidence  of  PTEN 
promoter  methylation  in  prostate  cancers  or  bladder  and  renal  cancers 
with  lOq  LOH  using  a  DNA-based  assay  (32,  40).  However,  in  certain 
prostate  cancer  cells,  PTEN  mRNA  was  restored  after  treatment  with 
the  demethylating  agent  5-azadeoxycytidine  (34).  It  is  possible  that 
methylation  of  a  transcription  factor  for  PTEN  may  play  a  role  in  the 
regulation  of  the  gene. 

Although  we  did  not  assess  the  genetic  status  of  PTEN  in  our  cases, 
loss  of  expression  as  assessed  by  immunohistochemistry  might  reflect 
a  majority  of  the  possible  mechanisms  resulting  in  PTEN  inactivation. 
These  would  include  direct  inactivation  by  homozygous  deletion, 
nonsense  mutation,  certain  internal  deletions,  and  promoter  methyla¬ 
tion  or  indirect  inactivation  such  as  loss  of  a  PTEN-directed  transcrip¬ 
tion  factor  or  posttranscriptional  modification,  such  as  that  which 
occurs  with  cdc25,  another  dual  specificity  phosphatase  (57).  Mis- 
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sense  mutations,  which  do  not  grossly  destabilize  the  protein  product, 
would  not  be  accounted  for  by  immunohistochemistry. 

PTEN  appears  to  function,  at  least  in  part,  by  acting  to  brake  cell 
cycle  progression  (11-13).  We  and  others  (11,  12)  have  previously 
demonstrated  that  this  function  appears  to  require  PTEN  lipid  phos¬ 
phatase  activity,  suggesting  that  cell  cycle  regulation  may  result  from 
inhibition  of  the  PI3K  pathway.  We  further  demonstrated  that  acti¬ 
vated  forms  but  not  wild-type  forms  of  the  proto-oncogene  Akt  were 
capable  of  overriding  a  PTEN-mediated  cell  cycle  block,  raising  the 
possibility  that  Akt  might  be  an  important  downstream  target  of  PTEN 
with  respect  to  cell  cycle  progression  (12).  Similar  conclusions  have 
been  reached  with  respect  to  the  function  of  PTEN  as  a  regulator  of 
apoptosis  or  cell  survival  (14-17,  58).  These  data,  taken  together, 
suggest  the  possibility  that  targeted  inhibition  of  the  PI3K/Akt  path¬ 
way  might  be  of  therapeutic  value  in  patients  with  prostate  cancer.  We 
and  others  (12,  59)  have  also  shown  that  cell  lines  and  tumors  in 
which  PTEN  is  lost  have  elevated  levels  of  activated  Akt.  Thus,  loss 
of  immunohistochemical  detection  of  PTEN  might  predict  for  the 
presence  of  activated  Akt  and,  in  turn,  might  become  useful  as  a  factor 
predictive  of  success  for  therapies  directed  against  this  pathway.  In 
general,  this  type  of  predictive  factor,  such  as  the  estrogen  receptor, 
which  can  predict  for  the  efficacy  of  a  given  therapy,  such  as  tamox¬ 
ifen,  has  great  clinical  utility  because  it  directly  impacts  treatment 
decisions. 

Our  results  support  the  candidacy  of  PTEN  as  a  tumor  suppressor 
gene  in  prostate  cancer  progression.  Indeed,  loss  of  PTEN  expression 
may  be  an  important  negative  prognostic  indicator.  We  are  currently 
working  on  the  development  of  well-characterized  rabbit  polyclonal 
or  murine  monoclonal  antibodies  that  would  provide  unlimited 
amounts  of  antibody  capable  of  reacting  with  formalin-fixed  tissue.  It 
is  possible  that  immunohistochemistry  may  be  the  optimal  method  for 
evaluating  the  functional  status  of  PTEN  because  it  would  detect  a 
loss  of  PTEN  induced  by  a  majority  of  the  mechanisms  through  which 
gene  products  are  inactivated. 
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The  PTEN  gene  is  a  tumor  suppressor  localized  in  the  frequently  altered  chromosomal  region  10q23.  The 
tumor  suppressor  function  of  the  PTEN  protein  (PTEN)  has  been  linked  to  its  ability  to  dephosphorylate  the 
lipid  second-messenger  phosphatidylinositol  3,4,5-trisphosphate  and  phosphatidylinositol  3,4-bisphosphate 
and,  by  doing  so,  to  antagonize  the  phosphoinositide  3-kinase  pathway.  The  PTEN  protein  consists  of  an 
amino-terminal  phosphatase  domain,  a  lipid  binding  C2  domain,  and  a  50-amino-acid  C-terminal  domain  (the 
“tail”)  of  unknown  function.  A  number  of  studies  have  shown  that  the  tail  is  dispensable  for  both  phosphatase 
activity  and  blocking  cell  growth.  Here,  we  show  that  the  PTEN  tail  is  necessary  for  maintaining  protein 
stability  and  that  it  also  acts  to  inhibit  PTEN  function.  Thus,  removing  the  tail  results  in  a  loss  of  stability  but 
does  not  result  in  a  loss  of  function  because  the  resultant  protein  is  more  active.  Furthermore,  tail-dependent 
regulation  of  stability  and  activity  is  linked  to  the  phosphoiylation  of  three  residues  (S380,  T382,  and  T383) 
within  the  tail.  Therefore,  the  tail  is  likely  to  mediate  the  regulation  of  PTEN  function  through  phosphoryla¬ 
tion. 


The  PTEN  gene  was  cloned  as  a  candidate  tumor  suppressor 
gene  from  the  chromosome  10q23  region,  a  locus  frequently 
targeted  for  genetic  loss  in  tumors  (24,  26,  42).  Somatic  inac¬ 
tivation  of  both  PTEN  alleles  and  loss  of  heterozygosity  have 
been  demonstrated  in  a  number  of  tumors  including  glioblas¬ 
toma,  melanoma,  and  prostate,  breast,  and  endometrial  carci¬ 
nomas  (reviewed  in  reference  46).  Germ  line  PTEN  mutations 
are  associated  with  the  development  of  the  related  dominantly 
inherited  disorders  known  as  Cowden  disease  and  Bannayan- 
Zonana  syndrome  (28-30,  34).  These  disorders  are  character¬ 
ized  by  the  presence  of  benign  hamartomas  of  the  skin,  intes¬ 
tinal  tract,  and  central  nervous  system  and  by  an  increased 
incidence  of  cancers  of  the  thyroid  and  breast  (28,  29,  34). 
Similarly,  heterozygous  PTEN  mice  develop  a  variety  of  tu¬ 
mors  and  proliferative  lesions  of  multiple  tissues  (10,  11,  37, 
43). 

Reconstitution  of  PTEN  expression  to  certain  PTEN  null 
cells  results  in  an  increase  in  the  population  of  cells  in  the  G, 
phase  of  the  cell  cycle  (13,  23,  39);  in  other  PTEN  null  cells  it 
results  in  the  induction  of  apoptosis  or  anoikis  (9,  25,  32). 
Accumulating  evidence  suggests  that  these  functions  are  linked 
to  the  lipid  phosphatase  activity  of  PTEN,  which  allows  PTEN 
to  antagonize  the  phosphatidylinositol  3-kinase  (PI3K)  path¬ 
way  (reviewed  in  references  4  and  46).  A  number  of  down¬ 
stream  targets  of  phosphatidylinositol  3,4,5-triphosphate  and 
phosphatidylinositol  3,4-bisphosphate  including  the  serine- 
threonine  kinase  Akt,  BTK,  SGK,  and  p70S6K,  have  been  iden¬ 
tified  (6,  12,  18-20,  27).  Akt,  in  particular,  appears  to  play  a 
role  in  both  proliferative  and  apoptotic  signals.  Constitutive 
activation  of  Akt  has  been  found  in  cells  that  lack  functional 
PTEN,  and  PTEN  can  inhibit  Akt  kinase  activity  in  cells.  A 
number  of  downstream  targets  of  Akt  have  been  described  and 
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include  GSK3,  BAD,  caspase-9,  IKKa,  and  the  forkhead  tran¬ 
scription  factors  FKHR,  FKHRL1,  and  AFX  (2,  3,  5,  7,  8,  21, 
36,  44).  Our  group  has  recently  found  that  forkhead  transcrip¬ 
tion  factors  are  inactive  in  PTEN  null  cells  and  that  reconsti¬ 
tution  of  FKHR  activity,  in  the  absence  of  PTEN,  can  induce 
both  cell  cycle  arrest  and  apoptosis  in  susceptible  PTEN  null 
cells  (N.  Nakamura,  S.  Ramaswamy,  F.  Vazquez,  and  W.  Sell¬ 
ers,  submitted  for  publication). 

Each  molecular  constituent  of  the  PI3K  pathway,  such  as 
receptor  tyrosine  kinases,  PI3K,  and  Akt,  is  subjected  to  reg¬ 
ulation  of  its  activity.  Likewise,  it  has  been  speculated  that 
PTEN  might  be  regulated,  but  to  date  evidence  of  such  regu¬ 
lation  has  remained  elusive  (4).  In  keeping  with  the  idea  that 
PTEN  might  be  regulated,  protein  phosphatases  in  general  are 
regulated  by  a  number  of  mechanisms  including  phosphoryla¬ 
tion,  second  messengers,  regulatory  subunits,  subcellular  local¬ 
ization,  dimerization,  and  binding  to  inhibitory  proteins  (re¬ 
viewed  in  references  1  and  17). 

The  PTEN  protein  contains  the  signature  motif  (HCXX 
GXXR)  of  the  family  of  protein  tyrosine  phosphatases  and 
dual-specificity  phosphatases.  The  PTEN  crystal  structure 
shows  that  PTEN  consists  of  an  amino-terminal  phosphatase 
domain  (PD;  residues  7  to  185),  which  includes  the  phospha¬ 
tase  signature  motif,  and  a  lipid  binding  C2  domain  that  ex¬ 
tends  from  residues  186  to  351.  C2  domains,  named  for  ho¬ 
mology  to  a  domain  found  in  protein  kinase  C  (PKC),  have 
been  identified  in  a  number  of  proteins  involved  in  signal 
transduction  or  membrane  trafficking  such  as  PKC,  cPLA2, 
phospholipase  Cs,  and  synaptotagmins  (reviewed  in  reference 
40).  C2  domains  can  play  a  role  in  mediating  Ca2+-dependent 
lipid  interactions.  However,  the  C2  domain  of  PTEN  is  un¬ 
likely  to  bind  Ca2+,  and  its  in  vitro  binding  to  lipids  is  inde¬ 
pendent  of  Ca2+  (22).  The  last  50  amino  acid  residues  (354  to 
403)  (referred  to  herein  as  the  “tail”)  were  not  crystallized,  and 
structural  prediction  programs  fail  to  identify  regions  of  sec¬ 
ondary  structure.  The  function  of  this  domain  and  its  relation- 


5010 


Vol.  20,  2000 


REGULATION  BY  PHOSPHORYLATION  OF  THE  PTEN  TAIL  5011 


ship  in  three  dimensions  to  the  remainder  of  the  protein  re¬ 
main  unknown. 

The  PTEN  tail  is  dispensable  for  PTEN  phosphatase  activity 
and  for  activity  in  a  number  of  cellular  assays  including  soft- 
agar  colony  suppression  assays  (14,  22;  S.  Ramaswamy  and 
W.  R.  Sellers,  unpublished  data).  Here  we  show  that  the  tail  is 
necessary  for  maintaining  PTEN  stability.  However,  deletion 
of  the  tail  also  results  in  an  increase  in  activity  as  measured  by 
the  ability  of  PTEN  to  induce  a  G:  arrest  or  to  induce  the 
transcriptional  activity  of  FKHR.  Thus,  deletion  of  the  tail 
does  not  result  in  a  loss  of  PTEN  function  because,  while 
unstable,  the  resultant  protein  is  more  active.  We  further  dem¬ 
onstrate  that  the  tail  is  a  site  for  PTEN  phosphorylation  and 
that  phosphorylation  of  the  tail  regulates  both  PTEN  stability 
and  activity. 

MATERIALS  AND  METHODS 

Plasmids.  pCD19,  pSG5L,  pSG5L-HA-PTEN,  pSG5L-HA-PTEN,  1-393, 
pSG5L-HA-PTEN;l-373,  pSG5L-HA-PTEN;l-353,  pSG5L-HA-PTEN;  1-343, 
pSG5L-HA-PTEN;l-336;  pcDNA3-Flag-FKHR,  and  pGL3-promoter-FasL 
were  described  previously  (39,  41,  44,  45;  Nakamura  et  al.,  submitted). 

pSG5L-HA-PTEN;360AA,  pSG5L-HA-PTEN;S370A,  pSG5L-HA-PTEN;A4, 
pSG5L-HA-PTEN;S380A,  pSG5L-HA-PTEN;T382A,  pSG5L-HA-PTEN;T383A, 
p SG5 L-H A-PTEN ;S3 85 A,  pSG5L-HA-PTEN;A3,  and  pSG5L-HA-PTEN;D3 
were  generated  by  site-directed  mutagenesis  using  single-stranded  DNA  gener¬ 
ated  from  pSG5L-HA-PTEN  (Muta-Gene;  Bio-Rad).  The  oligonucleotides  used 
for  site-directed  mutagenesis  are  the  following:  5'-CACCAGATGTggccGACA 
ATGAAC-3'  (PTEN;S370A),  5  '-GATCATTATAGATATgCTGACgCCgCgGA 
CgCaG  ATCC  AG  AG  AATG  AAC-3 '  (PTEN;A4),  5 '  -CTG  ATCATT  AT  cGaT  AT 
gCaG ACACa ACTGACTCTG-3 '  (PTEN;  S380A),  5 ' -GATCATTATcgaTATT 
CTGACgcaACTGACTCTG-3 '  (PTEN;T382A),  5  '-GATATTCTGACACCgcg 
GACTCTGATC-3 '  (PTEN;T383A),  5  '-GATATTCTGACACtACaGACgcaGA 
TCCAGAG-3'  (PTEN:S385A),  5 ' -GATCATT ATAG AT ATgCTG ACgCCgCgG 
ACTCTG ATCCAGAG-3 '  (PTEN;A3),  5 '  -GATCATTATcGATATgaTGACga 
CgaTGACTCTGATCCAG-3 '  (PTEN;D3). 

Antibodies  and  immunoblotting.  HA-11  (Babco),  antihemagglutinin  (HA) 
antibody  was  used  for  immunoblotting  at  1:1,000;  C54  anti-PTEN  serum  was 
previously  described  and  was  used  at  1:1,000  dilution  (39). 

Cells  were  washed  in  phosphate-buffered  saline,  and  cellular  proteins  were 
extracted  in  TNN  buffer  (150  mM  NaCl,  50  mM  Tris  [pH  7.4],  0.5%  NP-40)  for 
20  min  at  4°C.  Lysates  were  cleared  by  centrifugation,  and  proteins  were  sepa¬ 
rated  by  gel  electrophoresis.  Immunoblots  were  obtained  essentially  as  described 
previously  (39).  Briefly,  membranes  were  blocked  in  Tris-buffered  saline-0.05% 
Triton  X-100  (TBS-T)-4%  (wt/vol)  milk  for  1  h  at  room  temperature  (RT). 
Membranes  were  then  incubated  with  primary  antibodies  diluted  in  TBS-T-4% 
(wt/vol)  milk  for  1  h  at  RT.  Subsequently,  membranes  were  washed  with  TBS-T 
and  incubated  with  horseradish  peroxidase  secondary  antibody  (1:20,000;  Pierce 
Chemicals)  diluted  in  TBS-T-4%  (wt/vol)  milk.  Membranes  were  washed  in 
TBS-T,  and  bound  antibody  was  detected  by  enhanced  chemiluminescence 
(Pierce  Supersignal). 

Cell  lines,  cell  culture,  and  transfection.  786-0  and  ACHN  renal  carcinoma 
cells  and  U2-OS  osteosarcoma  cells  were  maintained  in  Dulbecco’s  modified 
Eagle  medium  (DMEM)  containing  4,500  mg  of  glucose/ml,  2  mM  L-glutamine, 
10%  fetal  clone  (HyClone),  and  penicillin  and  streptomycin  and  were  maintained 
at  37°C  in  a  humidified  10%  C02  atmosphere.  786-0  cells  were  transfected  using 
Fugene  reagent  (Boehringer  Mannheim),  and  U2-OS  cells  were  transfected 
using  calcium  phosphate  (BBS  method),  as  previously  described  (39). 

Pulse-chase  labeling.  786-0  cells  were  transfected  with  various  pSG5L-HA- 
PTEN  plasmids  and  split  into  p60  plates.  Forty  hours  after  transfection,  cells 
were  washed  twice  with  methionine-free  DMEM  and  then  incubated  for  45  min 
in  methionine-free  DMEM  with  10%  dialyzed  fetal  bovine  serum  (DFBS) 
(Gibco  BRL).  Cells  were  then  incubated  for  45  min  with  methionine-free 
DMEM-10%  DFBS  containing  [35S]methionine  (150  pGi/ml)  (NEN  Life  Sci¬ 
ence  Products).  The  medium  was  then  replaced  with  complete  medium.  HA 
epitope-tagged  proteins  were  isolated  by  anti-HA  immunoprecipitation  and  re¬ 
solved  on  a  7.5%  polyacrylamide  gel.  The  labeled  protein  present  at  each  time 
point  was  quantified  by  phosphorimaging  and  normalized  to  the  amount  of 
protein  present  at  the  zero-time  point. 

Cell  cycle  assays.  Cell  cycle  assays  were  performed  essentially  as  previously 
described  (39).  Briefly,  786-0  cells  were  cotransfected  with  4  p,g  of  pCD19 
plasmid  along  with  pSG5L  vector  or  the  relevant  pSG5L-HA-PTEN  wild-type  or 
mutant  plasmid.  Forty  hours  after  transfection  the  cells  were  harvested  with 
trypsin,  stained  with  fluorescein  isothiocyanate-conjugated  anti-CD19  antibody 
(CalTag),  fixed  in  70%  ethanol,  and  stained  with  propidium  iodide  in  the  pres¬ 
ence  of  RNase  A.  The  cell  cycle  profile  of  the  CD19-positive  cells  was  deter¬ 
mined  by  two-color  fluorescence-activated  cell  sorting  (FACS).  Data  are  shown 
as  the  percentages  of  increase  in  the  Gj  population.  This  was  determined  by 


dividing  the  absolute  percentage  difference  between  the  vector  control  and  the 
experimental  data  point  by  the  percentage  of  Gx  cells  in  the  vector  and  then 
multiplying  by  100. 

Luciferase  reporter  assays.  FKHR  transactivation  assays  were  performed  es¬ 
sentially  as  described  previously  (Nakamura  et  al.,  submitted).  Briefly,  cells  were 
transfected  in  12-well  plates  with  0.25  pg  of  the  FasL  luciferase  and  (3-galacto- 
sidase  reporter  plasmids,  0.5  [ig  of  pCDNA3-FHKR,  and  various  amounts  of 
pSG5L-HA-PTEN.  Cells  were  lysed  40  h  after  transfection  using  lx  reporter 
lysis  buffer  by  following  the  manufacturer’s  instructions  (Promega).  Luciferase 
and  (3-galactosidase  activities  were  measured  as  described  previously  (41).  Lu¬ 
ciferase  activity  was  normalized  to  (3-galactosidase  activity.  Fold  activation  was 
calculated  by  dividing  the  normalized  luciferase  activity  by  the  normalized  ac¬ 
tivity  obtained  in  the  presence  of  the  vector  and  reporter  plasmid  alone. 

Metabolic  labeling,  proteolytic  digestions,  and  phosphoamino  acid  analysis. 
ACHN  or  transfected  U2-OS  cells  were  washed  twice  with  phosphate-free 
DMEM.  Then  the  medium  was  changed  to  a  mixture  of  phosphate-free  DMEM, 
10%  DFBS,  and  1  mCi  (endogenous)  or  200  jjlCi  (transfected)  of  [^orthophos¬ 
phate  (NEN  Life  Science  Products)/ml,  and  the  cells  were  incubated  from  2  to 
4  h.  Labeled  proteins  were  isolated  by  immunoprecipitation  using  HA-11  (trans¬ 
fected)  or  C54  (endogenous)  antibodies,  resolved  by  sodium  dodecyl  sulfate- 
7.5%  polyacrylamide  gel  electrophoresis,  and  transferred  to  a  nitrocellulose 
membrane.  The  phosphoiylated  proteins  were  visualized  by  autoradiography. 

Proteolytic  digestions  were  done  essentially  as  described  previously  (38). 
Membrane  pieces  containing  phosphoproteins  were  excised,  washed  with  dou¬ 
ble-distilled  water  (ddH20),  and  blocked  with  0.5%  polyvinylpyrrolidone  MW360 
(PVP-360)  in  100  mM  acetic  acid  for  30  min  at  37°C.  Digestion  was  performed 
with  5  p.g  of  sequencing-grade  trypsin  (Promega)  overnight  at  37°C.  Peptides 
were  twice  lyophilized  to  dryness  and  washed  with  ddH20.  Peptides  were  then 
resuspended  in  a  small  volume  of  Laemmli  sample  buffer  and  then  resolved  in 
16.5%  Tris-Tricine  gels. 

For  phosphoamino  acid  analysis  a  fraction  of  the  tryptic  digested  peptide  was 
hydrolyzed  in  5.7  N  HC1.  The  resulting  amino  acids  were  then  lyophilized, 
washed  with  ddH20,  and  resuspended  in  a  small  volume  of  ddH20.  Samples  were 
then  spotted  on  thin-layer  chromatography  (TLC)  plates  (EM  Science)  together 
with  1  jxg  of  cold  phosphoamino  acid  standards  (Sigma).  Phosphoamino  acids 
were  then  resolved  by  electrophoresis  at  pH  1.9  in  a  buffer  containing  2.5% 
(vol/vol)  formic  acid  (88%)  and  7.8%  (vol/vol)  glacial  acetic  acid  for  45  min  at 
800  V  in  the  first  dimension  and  by  chromatography  in  the  second  dimension  in 
a  buffer  containing  70%  (vol/vol)  2-propanol  and  15%  (vol/vol)  HC1.  Cold  phos¬ 
phoamino  acid  standards  were  visualized  by  developing  the  TLC  plates  with 
0.2%  (wt/vol)  ninhydrin  in  acetone  and  baking  them  at  65°C  until  color  devel¬ 
oped. 


RESULTS 

The  PTEN  tail  modulates  PTEN  stability.  Recently  the  crys¬ 
tal  structure  of  PTEN  has  been  solved  from  residues  7  to  353 
(eliminating  an  internal  loop  of  residues  286  to  309).  This 
truncated  protein  has  in  vitro  lipid  phosphatase  activity  com¬ 
parable  to  that  of  full-length  PTEN  (PTEN;WT)  and  can  in¬ 
duce  apoptosis  in  LNCaP  cells  to  the  same  extent  as  the  wild 
type  (14,  22).  Similarly,  our  group  mapped  the  minimal  in  vivo 
functional  domain  of  PTEN  by  C-terminal  and  N-terminal 
deletion  mutations  (S.  Ramaswamy  and  W.  R.  Sellers,  unpub¬ 
lished  data).  We  found  that  a  truncated  PTEN  protein  of 
residues  10  to  353  retained  protein  and  lipid  phosphatase  ac¬ 
tivity  in  vitro  and  was  able  to  induce  a  Gx  arrest  in  cells. 
Furthermore,  PTEN;l-353  was  comparable  to  PTEN;WT  in 
suppressing  soft-agar  colony  formation  in  PTEN  null  renal 
carcinoma  cells  (786-0  cells)  (S.  Ramaswamy  and  W.  R.  Sell¬ 
ers,  unpublished  data).  These  results  indicate  that  the  last  50 
amino  acids  of  PTEN  are  not  necessary  for  lipid  or  protein 
phosphatase  activity  or  for  its  ability  to  inhibit  proliferation  or 
induce  apoptosis.  For  simplicity  we  refer  to  these  last  50  resi¬ 
dues  as  the  PTEN  tail  (Fig.  1A). 

In  our  experiments  we  noted  that  PTEN;  1-353  was  produced 
at  markedly  reduced  steady-state  levels  compared  to  PTEN; 
WT.  To  determine  whether  the  changes  in  the  steady-state 
protein  levels  were  related  to  changes  in  protein  stability,  786-0 
cells  (PTEN  null)  transiently  transfected  with  plasmids  encod¬ 
ing  PTEN;WT  or  PTEN;l-353  were  pulse-labeled  with 
[35S]methionine  for  45  min.  HA-PTEN  and  HA-PTEN;l-353 
were  recovered  by  immunoprecipitation  and  detected  by  auto¬ 
radiography.  In  these  experiments  the  half-life  of  PTEN;  1-353 
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FIG.  1.  The  PTEN  tail  is  required  for  protein  stability.  (A)  Schematic  rep¬ 
resentation  of  the  PTEN  protein.  Dark  gray  box,  phosphatase  signature  motif 
(HCXXGXXR);  light  gray  box,  PD;  white  box,  C2  domain;  black  box,  C-terminal 
50-rcsidues  (PTEN  tail).  The  minimal  domain  that  is  functional  as  a  growth 
suppressor  is  shown.  (B)  Pulse-chase  analysis  of  PTEN;WT  and  PTEN;  1-353. 
786-0  cells  were  metabolically  labeled  with  [35S]methionine  for  45  min.  The 
medium  was  then  replaced  with  complete  growth  medium  at  time  zero,  and  cells 
were  harvested  at  the  indicated  times.  HA-PTEN  and  HA-PTEN;  1-353  were 
immunoprecipitated  from  labeled  cell  extracts,  separated  by  gel  electrophoresis, 
and  detected  by  autoradiography.  (C)  Log  plot  of  the  percentage  of  the  time- 
zero  protein  remaining  at  the  times  indicated  on  the  x  axis.  [35S]methionine- 
labclcd,  immunoprecipitated  protein  (B)  was  quantified  by  phosphorimager 
analysis. 


was  found  to  be  reduced  by  more  than  fourfold  compared  to 
that  of  PTEN;WT  (Fig.  IB  and  C).  In  keeping  with  these 
results,  it  was  recently  reported  that  the  steady-state  level  of 
PTEN;  1-351  is  reduced  compared  to  that  of  PTEN;WT  when 
the  protein  is  produced  by  transfection  in  COS-7  cells  (14). 
Together  these  data  suggest  that  the  PTEN  tail,  while  not 
required  for  the  functional  activity  of  the  protein,  is  required 
for  maintaining  stability. 

The  tail  domain  modulates  PTEN  biological  activity.  As  a 

result  of  the  reduced  half-life,  PTEN;  1-353  is  produced  at 
significantly  lower  levels  than  PTEN;WT.  In  order  to  deter¬ 
mine  whether  the  resulting  decrease  in  protein  production 
results  in  reduced  activity,  PTEN;  1-353  and  PTEN;WT  were 
compared  in  a  cell  cycle  arrest  assay  that  reflects  the  ability  of 
PTEN  to  act  as  a  lipid  phosphatase  (39).  786-0  cells  were 
transfected  with  increasing  doses  of  plasmids  encoding 
PTEN;WT  and  PTEN;  1-353  along  with  a  plasmid  encoding  the 
cell  surface  marker  pCD19.  The  cell  cycle  distribution  of  the 
CD19-positive  cells  (as  a  marker  of  transfection)  was  deter¬ 
mined  by  staining  with  fluorescein  isothiocyanate-conjugated 
anti-CD  19  and  propidium  iodide  followed  by  two-color  FACS. 
Surprisingly,  at  equivalent  input  plasmid  concentrations 
PTEN;  1-353  reproducibly  induced  a  greater  increase  in  Gj 
than  PTEN;WT  (data  not  shown).  Next,  the  activities  of 
PTEN;WT  and  PTEN;  1-353  were  compared  when  the  proteins 
were  produced  at  similar  steady-state  levels.  Plasmid  titration 
indicated  that  equivalent  protein  levels  were  obtained  at  2  jxg 
of  PTEN;  1-353  and  0.5  p.g  of  PTEN;WT  (Fig.  2A  and  B).  At 
these  levels  PTEN;  1-353  induced  a  significantly  more  robust 
Gi  arrest  (Fig.  2C). 

Forkhead  transcription  factors  are  targets  of  Akt  regulation 
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FIG.  2.  The  PTEN  tail  is  an  inhibitory  domain.  (A)  Steady-state  protein 
levels  of  PTEN;WT  and  PTEN;l-353.  786-0  cells  were  transfected  with  the 
indicated  amounts  of  plasmids  encoding  HA-PTEN; WT  or  HA-PTEN;  1-353. 
Forty  hours  after  transfection,  cell  lysates  were  prepared  and  separated  by  gel 
electrophoresis.  HA-PTEN  and  HA-PTEN;  1-353  were  detected  by  anti-HA  im- 
munoblotting.  (B)  Quantification  of  the  immunoblot  shown  in  panel  A.  The 
radiograph  was  digitized,  and  the  relative  protein  quantities  were  determined 
using  ImageQuant  software.  The  results  are  expressed  as  a  percentages  of 
PTEN;WT  at  2  jxg  of  input  plasmid  DNA.  (C)  Induction  of  Gj  arrest  by 
PTEN;WT  and  PTEN;  1-353.  786-0  cells  were  cotransfected  with  a  plasmid  en¬ 
coding  the  cell  surface  marker  CD  19  (pCD19)  along  with  plasmids  encoding 
PTEN;WT  (0.5  jj.g)  or  PTEN;l-353  (2  jxg).  Forty  hours  after  transfection,  the 
cell  cycle  distribution  of  the  CD19-positive  cells  was  determined  by  FACS  anal¬ 
ysis.  Shown  are  the  means  and  standard  errors  of  duplicate  experiments.  These 
data  are  representative  of  three  independent  experiments.  (D)  Induction  of 
FKHR  transcriptional  activity  by  PTEN;WT  and  PTEN;  1-353.  786-0  cells  were 
transfected  with  a  FasL  promoter  luciferase  reporter  plasmid  and  a  plasmid 
encoding  FKHR  in  combination  with  the  indicated  amounts  of  plasmid  encoding 
PTEN;  WT  or  PTEN;l-353.  Forty  hours  after  transfection,  luciferase  activity  was 
determined  as  described  in  Materials  and  Methods.  Shown  are  the  means  and 
standard  errors  of  the  fold  activation  relative  to  the  activity  obtained  with  the 
reporter  alone. 


both  in  mammalian  cells  and  in  Caenorhabditis  elegans  (2, 3, 15, 
21,  33,  35).  Akt  phosphorylation  creates  14-3-3  binding  sites 
and  results  in  the  cytoplasmic  localization  of  forkhead  pro¬ 
teins.  Furthermore,  recent  data  in  our  laboratory  have  shown 
that  in  PTEN  null  cells  FKHRL1  and  exogenously  expressed 
FKHR  are  retained  in  the  cytoplasm  and  that  exogenously 
expressed  FKHR  fails  to  activate  transcription.  Coexpression 
of  wild-type  PTEN,  but  not  a  PTEN  mutant  lacking  lipid  phos¬ 
phatase  activity,  with  FKHR  restores  cytoplasmic  localization 
and  FKHR  transactivation  as  measured  with  a  3XIRS  pro¬ 
moter  or  FasL  promoter  luciferase  reporters  (Nakamura  et  al, 
submitted).  Thus,  FKHR  transcriptional  activity  requires 
PTEN  function.  The  induction  of  FKHR  transcriptional  activ¬ 
ity  by  PTEN  is  also  dose  dependent,  as  shown  in  Fig.  2D. 

We  next  compared  PTEN;WT  and  PTEN;l-353  in  a  FKHR 
transcriptional  activation  assay.  Consistent  with  the  results  ob¬ 
tained  in  the  cell  cycle  assay  (Fig.  2C),  the  ability  of  PTEN;1- 
353  to  induce  FKHR  transcriptional  activity  was  enhanced 
compared  to  that  of  PTEN;WT.  Furthermore,  at  every  DNA 
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plasmid  concentration  tested,  PTEN;l-353  induced  FKHR  ac¬ 
tivation  more  efficiently  than  PTEN;WT,  although  protein  lev¬ 
els  were  reduced  by  more  than  fourfold.  These  results  suggest 
that  the  PTEN  tail  not  only  plays  a  role  in  maintaining  its 
protein  stability  but  also  in  regulating  its  biological  activity. 
Specifically,  these  data  suggest  that  the  tail  acts  to  restrict  or 
inhibit  PTEN  function. 

PTEN  is  a  phosphoprotein.  The  PTEN  tail  is  rich  in  serine 
and  threonine  (28%  of  the  residues)  and  contains  consensus 
phosphorylation  sites  for  GSK3,  PKA,  CK1,  and  CK2.  In  order 
to  determine  whether  regulation  of  PTEN  stability  and  activity 
might  be  linked  to  phosphorylation,  we  determined  whether 
endogenous  PTEN  is  phosphorylated.  To  this  end,  ACHN 
renal  carcinoma  cells  that  contained  PTEN  were  metabolically 
labeled  with  [32P]orthophosphate.  Labeled  lysates  were  incu¬ 
bated  with  an  anti-PTEN  antibody  (C54)  or  a  preimmune 
control.  Bound  proteins  were  separated  by  gel  electrophoresis 
and  detected  by  autoradiography.  A  32P-labeled  protein  of  the 
same  molecular  weight  as  PTEN  was  detected  in  anti-PTEN 
immunoprecipitates  but  not  in  the  preimmune  control  (Fig. 
3A).  In  separate  experiments  in  which  the  labeled  proteins 
were  transferred  to  nitrocellulose,  this  32P-labeled  species 
comigrated  with  PTEN,  as  detected  by  immunoblotting.  These 
data  suggest  that  endogenous  PTEN  is  phosphorylated.  Next, 
PTEN  plus  U2-OS  cells  were  transfected  with  either  the  empty 
vector  (pSG5L)  or  pSG5L-HA-PTEN  and  metabolically  la¬ 
beled  with  orthophosphate.  Labeled  cells  were  lysed,  and 
epitope-tagged  proteins  were  immunoprecipitated  with  an- 
ti-HA  antibody.  In  parallel,  endogenous  PTEN  was  immuno¬ 
precipitated  from  lysates  prepared  from  untransfected  or¬ 
thophosphate-labeled  U2-OS  cells.  A  phosphorylated  protein 
of  58  kDa  was  detected  in  the  anti-HA  immunoprecipitates 
from  cells  expressing  HA-PTEN  but  not  in  the  vector-trans¬ 
fected  cells  (Fig.  3B).  Next,  phosphorylated  endogenous  PTEN 
and  exogenously  produced  HA-PTEN  were  digested  with  tryp¬ 
sin.  As  shown  in  Fig.  3C,  an  identical  pattern  of  phosphotryptic 
peptides  was  observed  when  phosphopeptides  were  separated 
by  Tris-Tricine  gel  electrophoresis  (16.5%  acrylamide).  Phos- 
phoamino  acid  analysis  of  both  endogenous  and  transfected 
PTEN  proteins  showed  phosphorylation  of  serine  and  threo¬ 
nine  residues,  while  tyrosine  phosphorylation  was  not  detected 
(Fig.  3D).  These  data  suggest  that  endogenous  PTEN  is  a 
phosphoprotein,  that  HA-PTEN  produced  by  transfection  is  a 
phosphoprotein,  and  that  these  proteins  are  phosphorylated 
on  the  same  peptides,  predominantly  on  serine  and  threonine. 

PTEN  is  phosphorylated  within  the  tail  domain.  To  deter¬ 
mine  the  exact  sites  of  phosphorylation,  U2-OS  cells  were 
transfected  with  plasmids  encoding  a  series  of  PTEN  C-termi- 
nal  deletion  mutants  and  labeled  with  orthophosphate.  J"P- 
labeled  HA-tagged  proteins  were  recovered  by  anti-HA  im- 
munoprecipitation  and  detected  by  autoradiography.  These 
experiments  revealed  that  deletion  of  residues  354  to  403  (the 
tail)  abrogated  most  PTEN  phosphorylation  (Fig.  4A).  In  ad¬ 
dition,  gel  electrophoretic  separation  of  peptides  generated  by 
cyanogen  bromide  cleavage  of  orthophosphate-labeled  HA¬ 
PTEN  revealed  a  single  phosphorylated  peptide  consistent  in 
size  with  the  predicted  CNBr  peptide  containing  the  PTEN  tail 
(data  not  shown).  Next,  every  serine  and  threonine  in  the  tail 
was  mutated  either  singly  or  in  clusters  to  alanine.  These 
PTEN  mutants  were  transfected  into  U2-OS  cells  and  labeled 
with  orthophosphate.  No  single-amino-acid  substitution  abro¬ 
gated  or  significantly  reduced  the  total  phosphorylation  of 
PTEN  (data  not  shown).  However,  the  substitution  of  a  serine/ 
threonine  cluster,  S380,  T382,  T383,  and  S385  (the  A4  mu¬ 
tant),  did  significantly  alter  total  PTEN  phosphorylation.  In 
addition,  mutation  of  these  sites  led  to  the  loss  of  the  more 
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FIG.  3.  PTEN  is  a  phosphoprotein.  (A)  Phosphorylation  of  endogenous 
PTEN.  Asynchronously  growing  ACHN  cells  were  metabolically  labeled  with 
[32P]orthophosphate  for  4  h.  Protein  extracts  were  prepared  and  immunopre¬ 
cipitated  with  either  preimmune  or  anti-PTEN  (C54)  antibody.  Bound  proteins 
were  resolved  by  gel  electrophoresis,  transferred  to  a  nitrocellulose  membrane, 
and  detected  by  autoradiography.  Data  shown  are  from  the  same  exposure  of  the 
same  gel;  the  lanes  were  rearranged  for  clarity.  (B)  Phosphorylation  of  exoge¬ 
nous  HA-PTEN.  U2-OS  cells  were  transfected  with  the  backbone  vector^or 
pSG5L-HA-PTEN.  Forty  hours  after  transfection  cells  were  labeled  with  32P- 
orthophosphate  for  2  h.  Protein  extracts  were  prepared  and  immunoprecipitated 
(IP)  with  anti-HA  antibody.  Bound  proteins  were  resolved  and  detected  as  for 
panel  A.  (C)  Tryptic  phosphopeptides  of  endogenous  PTEN  and  exogenously 
produced  HA-PTEN.  The  bands  corresponding  to  endogenous  PTEN  or  HA¬ 
PTEN  (A  and  B)  were  excised,  digested  with  trypsin,  and  resolved  on  a  16.5% 
Tris-Tricine  gel.  Phosphopeptides  were  detected  by  autoradiography.  (D)  Phos- 
phoamino  acid  analysis  of  endogenous  PTEN  and  exogenously  produced  HA¬ 
PTEN.  Tryptic  digest  products  of  in  vivo-labeled  endogenous  PTEN  or  HA¬ 
PTEN  were  hydrolyzed  with  acid,  and  the  resulting  phosphoamino  acids  were 
resolved  by  two-dimensional  thin-layer  electrophoresis  and  detected  by  autora¬ 
diography.  Phosphoserine  (S),  phosphothreonine  (T),  and  phosphotyrosine  (Y) 
standards  were  visualized  by  ninhydrin  staining. 


slowly  migrating  tryptic  phosphopeptide  (Fig.  4B).  This  pep¬ 
tide  therefore  is  likely  to  be  peptide  2  (Fig.  4D).  In  contrast, 
substitution  of  alanines  for  the  serine/threonine  cluster  begin¬ 
ning  at  S360  (which  contains  a  GSK3  consensus  phosphor¬ 
ylation  site)  had  no  effect  on  either  the  total  phosphate 
incorporated  into  PTEN  or  the  phosphorylation  of  the  two 
phosphopeptides  detected  in  Tris-Tricine  gels  (Fig.  4B).  Next, 
the  A4  mutation  was  combined  with  a  single  alanine  substitu¬ 
tion  at  a  consensus  CK2  site  (S370)  found  in  peptide  1  of  the 
tail  to  give  the  A5  mutation  (Fig.  4D).  When  PTEN;A5  was 
expressed  in  U2-OS  cells  and  tested  for  phosphorylation,  32P 
labeled  protein  was  not  detected  despite  adequate  protein 
expression  (Fig.  4C).  Phosphopeptide  analysis  was  not  possible 
because  no  labeled  protein  could  be  excised  from  the  gel. 
These  results  indicate  that  most,  if  not  all,  of  the  PTEN  tail 
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FIG.  4.  PTEN  is  phosphorylutcd  within  the  tail.  (A)  Deletion  of  the  tail 
impairs  PTEN  phosphorylation.  Plasmids  encoding  either  wild-type  (WT)  HA¬ 
PTEN  or  the  indicated  C-terminal  truncation  mutants  were  transfected  into 
U2-OS  cells.  Twenty-four  hours  after  transfection,  cells  were  split  into  T25  flasks 
and  35-mm  plates.  Forty  hours  after  transfection,  T25  flasks  were  metabolically 
labeled  with  [32P]orthophosphatc;  anti-HA  immunoprccipitatcs  of  protein  ex¬ 
tracts  were  prepared,  and  bound  labeled  proteins  were  detected  by  autoradiog¬ 
raphy  (lop).  In  parallel,  whole-cell  extracts  prepared  from  the  35-mm  plates  were 
separated  by  gel  electrophoresis,  transferred  to  nitrocellulose,  and  immunoblot- 
ted  with  anti-HA  antibody  (bottom).  (B  [left]  and  C)  Alanine  mutations  in  the 
PTEN  tail  impair  phosphorylation.  U2-OS  cells  were  transfected  with  plasmids 
encoding  PTEN;WT  or  the  indicated  alanine  substitution  mutants.  Transfected 
cells  were  split,  replated,  grown  overnight,  and  used  in  parallel  for  metabolic 
labeling  and  for  the  preparation  of  whole-cell  extracts.  [32P]orthophosphate 
labeling,  immunoprccipitation,  and  autoradiography  (top)  were  performed  as  for 
panel  A.  Anti-HA  immunoblotting  (bottom)  was  performed  as  for  panel  A.  (B 
[right |)  Tiyptic  phosphopeptides  of  PTEN  tail  substitution  mutants.  Phospho- 
peptides  resulting  from  the  tryptic  digestion  of  either  HA-PTEN;WT  or  the 
indicated  mutant  proteins  were  resolved  on  Tris-Tricinc  gels  and  detected  as  for 
Fig.  3C.  (D)  Schematic  representation  of  PTEN  tail  substitution  mutants  used. 
Dashes  indicate  amino  acids  that  were  not  altered.  The  predicted  tiyptic  peptides 
of  the  PTEN  tail  are  shown  as  peptide  1  and  peptide  2.  PHD,  phosphatase 
domain;  C2D,  C2  domain. 
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FIG.  5.  Mutation  of  phosphoacceptor  sites  in  the  PTEN  tail  alters  protein 
stability  and  activity.  (A)  Protein  half-life  of  PTEN;A4  (left)  and  single-substi¬ 
tution  mutants  (middle  and  right).  786-0  cells  were  transfected  with  plasmids 
encoding  HA-PTEN;WT  and  HA-PTEN;A4  or  the  indicated  single-substitution 
mutants,  metabolically  labeled  with  [35S]methioninc,  and  chased  for  the  indi¬ 
cated  times.  Data  are  shown  as  in  Fig.  1C.  (B)  Increased  activity  of  PTEN;A4 
(left)  and  mutants  with  at  single  substitution  of  S380,  T382,  or  T383  (right)  in  the 
cell  cycle  arrest  assay.  786-0  cells  were  cotransfected  with  a  plasmid  encoding 
CD19  (pCD19)  along  with  plasmids  encoding  PTEN;WT,  PTEN;A4,  or  single¬ 
substitution  mutants  at  concentrations  resulting  in  equivalent  protein  production 
(0.5  of  pSG5L-HA-PTEN;WT  and  pSG5L-HA-PTEN;S385A  and  2.0  jxg  of 
pSG5L-HA-PTEN;  A4,  pSG5L-HA-PTEN;S380A,  pSG5L-HA-PTEN;T382A, 
and  pSG5L-HA-PTEN;T3S3A).  Forty  hours  after  transfection  the  cell  cycle 
distribution  of  the  CD  19-positive  cells  was  analyzed  as  for  Fig.  2C.  These  data 
are  representative  of  three  independent  experiments.  (C)  FKHR  transcriptional 
activity  induced  by  PTEN;A4  (left)  and  single-substitution  mutants  (right),  786-0 
cells  were  transfected  with  a  plasmid  encoding  FKHR  along  with  either  the 
backbone  vector  or  plasmids  encoding  PTEN;WT,  PTEN;A4,  or  single-substitu¬ 
tion  mutants  as  indicated.  Forty  hours  after  transfection  lucifcrasc  activity  was 
measured  and  the  fold  activation  of  FKHR  relative  to  the  activity  obtained  with 
the  reporter  alone  was  calculated  as  for  Fig.  2D.  Shown  are  the  means  and 
standard  errors  of  experimental  duplicates.  These  data  are  representative  of  two 
independent  experiments. 


phosphorylation  occurs  on  serine  370  and  one  or  more  sites  of 
the  A4  cluster  (S380,  T382,  T383,  and  S385). 

To  directly  identify  the  PTEN  phosphorylation  sites,  2  pig  of 
HA-PTEN  isolated  by  anti-HA  immunoaffinity  purification 
was  digested  with  trypsin  and  analyzed  by  LC/MSMS.  Here, 
peptide  1  with  a  phosphoserine  at  residue  370  was  identified. 
However,  peptide  2  was  not  detectable  in  either  a  phosphory- 
latcd  or  unphosphorylated  state.  No  other  phosphopeptides 
were  identified  (data  not  shown). 

Mutation  of  the  phosphorylation  sites  in  the  tail  alter  PTEN 
stability  and  biological  activity.  To  determine  whether  phos¬ 
phorylation  of  one  or  more  of  the  amino  acid  residues  delin¬ 
eated  above  has  a  role  in  modulating  PTEN  stability,  the  rel¬ 


evant  phosphorylation  site  mutants  were  produced  in  U2-OS 
cells  by  transient  transfection  and  the  steady-state  levels  of 
HA-PTEN  and  the  phosphorylation  mutants  were  determined 
by  immunoblot  analysis.  While  mutation  of  serine  370  did  not 
change  the  steady-state  level  of  PTEN  (data  not  shown),  mu¬ 
tation  of  the  S/T  cluster  (PTEN;A4)  resulted  in  a  marked 
decrease  in  the  steady-state  protein  level  (data  not  shown). 
Furthermore,  pulse-chase  labeling  experiments  revealed  a 
marked  reduction  in  the  PTEN;A4  half-life  (Fig.  5A,  left). 

As  deletion  of  the  tail  led  to  an  increase  in  PTEN  activity,  we 
next  asked  if  the  PTEN;A4  mutant  was  similarly  more  active  in 
biological  assays.  In  keeping  with  the  data  for  the  PTEN  tail, 
the  PTEN;A4  mutant,  while  expressed  at  lower  levels,  was 
more  active  in  both  inducing  a  Gj  arrest  in  PTEN  null  786-0 
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cells  (Fig.  5B,  left)  and  inducing  FKHR  transcriptional  activa¬ 
tion  (Fig.  5C,  left).  These  data  suggest  that  phosphorylation 
within  the  A4  cluster  is  required  to  maintain  stability  and  is 
linked  to  an  inhibitory  activity  of  the  PTEN  tail. 

Next,  the  individual  point  mutations  within  the  A4  cluster 
were  tested  in  the  same  assays  of  protein  half-life  and  activity. 
While  replacement  of  serine  385  with  alanine  did  not  alter  the 
steady-state  PTEN  protein  levels,  mutation  of  S380,  T382,  and 
T383  each  reduced  both  the  steady-state  protein  levels  and  the 
protein  half-life  (Fig.  5A,  right,  and  data  not  shown).  More 
specifically,  the  half-life  of  the  PTEN;A4  mutant  was  reduced 
more  than  six-fold  compared  to  that  of  PTEN;WT.  Similarly, 
mutating  serine  380  reduced  the  half-life  by  more  than  fivefold. 
Mutation  of  threonines  382  and  383  reduced  PTEN  half-life  by 
2.7-  to  3-fold.  Furthermore,  the  individual  phosphorylation 
mutants  with  substitutions  S380A,  T382A,  and  T383A,  but  not 
S385A,  were  again  more  active  in  inducing  a  Gx  arrest  and  in 
inducing  FKHR  transcriptional  activation  (Fig.  5B  and  C,  right). 
Taken  together,  these  data  show  that  the  increased  activity 
associated  with  deletion  of  the  tail  is  entirely  mimicked  by  mu¬ 
tations  within  the  A4  cluster,  specifically  S380,  T382,  or  T383. 

The  above  data  raised  the  possibility  that  phosphorylation  of 
these  three  specific  residues  (S380,  T382,  and  T383)  might  be 
required  to  maintain  PTEN  in  a  stable  yet  relatively  inactive 
state.  While  mutation  of  each  of  these  individual  residues  did 
not  alter  total  incorporation  of  32P  into  the  PTEN  protein 
(data  not  shown)  when  the  S380,  T382,  and  T383  residues  were 
mutated  to  alanine  (PTEN;A3)  incorporation  of  32P  into 
PTEN  during  orthophosphate  labeling  was  reduced  (Fig.  6A) 
and  the  most  slowly  migrating  tryptic  phosphopeptide  (peptide 
2)  was  not  detectable  (Fig.  6B).  In  keeping  with  the  data  for 
PTEN;A4  and  for  the  individual  phosphorylation  site  mutants 
(with  mutations  S380A,  T382A,  and  T383A),  PTEN; A3  was 
found  to  have  a  reduced  protein  half-life,  to  be  expressed  at 
lower  steady-state  levels,  and  to  be  more  active  than  wild-type 
PTEN  in  biological  assays  (Fig.  6C  to  F). 

Aspartic  acid  substitutions  at  the  phosphorylation  sites  in 
the  PTEN  tail  lead  to  a  recovery  of  PTEN  stability.  A  reason¬ 
able  interpretation  of  these  results  is  that  the  serine/threonine- 
to-alanine  substitutions  of  PTEN  block  phosphorylation  and 
thereby  alter  the  stability  and  activity  of  PTEN  in  cells.  On  the 
other  hand,  it  is  formally  possible  that  mutation  of  these  res¬ 
idues  might  result  in  these  changes  independent  of  the  changes 
in  PTEN  tail  phosphorylation.  To  distinguish  these  possibili¬ 
ties,  conversion  of  the  serines/threonines  to  aspartic  acid  was 
used  to  try  and  mimic  phosphorylation  of  these  residues.  As 
we  had  noted  that  mutation  of  any  one  of  the  putative  phos¬ 
phorylation  sites  altered  both  stability  and  activity,  it  appeared 
that  phosphorylation  of  all  three  residues  might  be  required 
for  maintaining  PTEN  stability.  Therefore,  we  generated  a 
PTEN;D3  cDNA  in  which  codons  380,  382,  and  383  encoded 
aspartic  acid. 

In  contrast  to  the  results  obtained  with  PTEN; A3,  PTEN;D3 
recovered  the  expression  levels  of  PTEN;WT,  suggesting  that  a 
negative  charge  was  enough  to  maintain  protein  stability  (Fig. 
6C).  To  test  this  possibility,  we  performed  a  pulse-chase  ex¬ 
periment  to  determine  if  aspartic  acid  substitution  could  re¬ 
store  PTEN  stability.  As  shown  in  Fig.  6D,  PTEN;D3  recov¬ 
ered  the  stability  of  PTEN; A3  and  was  similar  to  PTEN;WT. 
As  expected,  when  analyzed  after  orthophosphate  labeling, 
PTEN;D3  like  PTEN; A3  was  found  not  to  contain  phos¬ 
phopeptide  1  (data  not  shown).  These  data  argue  that  the  D3 
mutation  does  not  restore  stability  simply  be  restoring  phos¬ 
phorylation  of  PTEN  at  other  sites  but  rather  that  phosphor¬ 
ylation  of  the  S380  cluster  is  required  for  appropriate  stability. 

Next,  we  asked  whether  aspartic  acid  substitution  led  to  a 
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FIG.  6.  Aspartic  acid  substitutions  of  serine  380,  threonine  382,  and  threo¬ 
nine  383  restore  PTEN  expression  levels  and  half-life.  (A)  Substitution  muta¬ 
tions  of  serine  380,  threonine  382,  and  threonine  383  impair  PTEN  phosphory¬ 
lation.  Plasmids  encoding  PTEN;WT  and  PTEN;A3  were  transfected  into 
U2-OS  cells,  and  phosphorylation  of  the  resulting  HA-PTEN  proteins  was  de¬ 
termined  as  for  Fig.  4A.  (B)  Phosphorylated  tryptic  peptides  of  the  PTEN  tail 
substitution  mutants.  Phosphopeptides  resulting  from  the  tryptic  digestion  of 
HA-PTEN;WT  or  HA-PTEN; A3  were  resolved  on  Tris-Tricine  gels  and  de¬ 
tected  by  autoradiography.  (C)  Aspartic  acid  substitution  restores  HA-PTEN 
steady-state  protein  levels.  786-0  cells  were  transfected  with  the  indicated 
amounts  of  plasmids  encoding  HA-PTEN;WT  and  HA-PTEN;A3  and  HA- 
PTEN;D3  mutants.  Forty  hours  after  transfection  whole-cell  extracts  were  ana¬ 
lyzed  by  immunoblotting  with  anti-HA  antibody.  (D)  Aspartic  acid  substitution 
restores  PTEN  stability.  786-0  cells  were  transfected  with  plasmids  encoding 
HA-PTEN;WT,  HA-PTEN;A3,  or  HA-PTEN;D3,  metabolically  labeled  with 
[35S]methionine,  and  chased  for  the  indicated  time.  Data  are  shown  as  in  Fig.  1C. 
(E)  Cell  cycle  arrest  induced  by  PTEN;  WT  or  the  indicated  substitution  mutants. 
786-0  cells  were  transfected  with  plasmids  encoding  PTEN;WT  or  the  indicated 
PTEN  mutants.  Forty  hours  after  transfection  the  cell  cycle  distribution  of  the 
CD19-positive  786-0  cells  was  determined  as  for  Fig.  2C.  Data  are  the  means  and 
standard  errors  of  experimental  duplicates.  The  data  are  representative  of  three 
independent  experiments.  (F)  FKHR  transcriptional  activation.  786-0  cells  were 
transfected  with  the  FasL  promoter  luciferase  reporter  plasmid  and  a  plasmid 
encoding  FKHR  alone  or  in  combination  with  a  plasmid  encoding  PTEN;WT  or 
the  indicated  PTEN  substitution  mutants.  Forty  hours  after  transfection  the  fold 
activation  of  reporter  activity  was  determined  as  for  Fig.  2D.  The  data  are  the 
means  and  standard  errors  of  experimental  duplicates.  These  data  are  represen¬ 
tative  of  two  independent  experiments. 


change  in  the  activity  of  PTEN  in  the  cell  cycle  assay  and  the 
FKHR  transactivation  assay.  As  would  be  predicted  if  loss  of 
phosphorylation  was  responsible  for  the  changes  seen  in  PTEN 
activity,  PTEN;D3  recovered  the  activity  of  PTEN;WT  and  its 
activity  was  reduced  compared  to  that  of  PTEN;A3  (Fig.  6E-F). 

DISCUSSION 

Recently  it  was  shown  that  PTEN;  1-351  has  in  vitro  lipid 
phosphatase  activity,  can  inhibit  Akt  activation,  and  can  sup- 


5016  VAZQUEZ  ET  AL. 


Mol.  Cell.  Biol. 


More  Active 

I 

Degradation 

FIG.  7.  Model  for  PTEN  regulation  by  phosphorylation  of  the  tail.  The  black 
extension  to  PTEN  represents  the  tail,  and  the  circles  labeled  P  represent 
phosphorylated  residues  within  the  tail.  PTEN  phosphorylation  on  the  tail  would 
restrict  PTEN  activity.  Dephosphorylation  of  the  tail  would  result  in  an  increase 
in  PTEN  activity  and  in  its  rapid  degradation. 


press  anchorage-independent  growth  (14).  In  accordance  with 
these  results,  we  found  that  PTEN;l-353  inhibits  the  growth  of 
PTEN  null  786-0  cells  in  soft  agar  and  induces  apoptosis  in 
LNCaP  cells  (S.  Ramaswamy  and  W.  R.  Sellers,  unpublished 
data).  Furthermore,  the  PTEN  crystal  structure  shows  that  these 
residues  include  the  entire  PD  and  a  C2  lipid  binding  domain 
(22).  Together  these  data  suggest  that  the  tail  (residues  354  to 
403)  is  not  required  for  biological  activity  of  the  protein. 

Here,  we  have  shown  that  deletion  of  the  PTEN  tail  results 
in  a  loss  of  protein  stability.  One  might  expect  that  loss  of 
stability  would  lead  to  a  loss  of  PTEN  function;  however,  as 
stated  above,  no  requirement  for  the  tail  was  found  in  multiple 
assays  of  PTEN  function.  This  paradox  can  be  explained  by  the 
concomitant  loss  of  an  inhibitory  activity  that  maps  to  the  tail 
region.  Thus,  the  tail  contains  sequences  that  are  required  for 
protein  stability  and  for  negative  regulation  of  PTEN  function. 
This  linkage  between  stability  and  activity  argues  for  a  model 
in  which  PTEN  is  normally  found  in  a  stable  yet  relatively 
inactive  state.  In  such  a  model,  activation  of  PTEN  would  be 
accompanied  by  a  decrease  in  protein  half-life,  presumably 
reflecting  degradation  of  the  active  molecule  (Fig.  7).  Such  a 
mechanism  would  prevent  the  untimely  or  promiscuous  acti¬ 
vation  of  PTEN.  The  linkage  between  protein  activation  and 
protein  instability  is  a  common  theme  in  molecular  biology. 
Examples  of  proteins  where  the  activated  form  of  the  protein 
is  unstable  include  Src,  EGFR,  PDGFR,  and  the  nuclear  re¬ 
ceptors  RAR  and  RXR  (16,  31,  47). 

The  tail  is  also  required  for  PTEN  phosphorylation.  In  vitro 
mutagenesis  revealed  specific  phosphorylation  of  S380,  T382, 
and  T383.  Mutation  of  these  sites  led  to  a  loss  of  stability  and 
a  gain  in  PTEN  function.  Conversely,  aspartic  acid  mutations 
of  these  same  residues  preserved  the  protein  half-life  and  the 
function  of  PTEN.  Together,  these  data  argue  strongly  that 
phosphorylation  of  these  residues  is  required  for  stability  and 
that  the  changes  in  stability  are  not  simply  the  result  of  a 
misfolding  secondary  to  changes  in  the  amino  acid  residues. 
Recently  others  have  shown  that  mutations  in  the  C2  domain 
can  reduce  expression  levels  and  protein  half-life  (14).  The 
mutants  are,  however,  found  to  be  functionally  inactive  or 
significantly  impaired  in  biological  assays;  thus  the  instability  of 
these  mutants  might  indeed  arise  as  a  consequence  of  protein 
misfolding  (14,  22).  On  the  other  hand,  the  PTEN;A3  mutant, 
while  unstable,  is  more  active,  arguing  strongly  against  protein 
misfolding  as  a  mechanism  for  instability  in  this  instance. 

What  is  the  mechanism  by  which  PTEN  phosphorylation 


regulates  protein  stability?  As  pointed  out  by  Georgescu  et  al. 
(14)  the  tail  contains  two  putative  PEST  sequences  (residues 
350  to  375  and  379  to  386)  implicated  in  targeting  proteins  for 
proteolytic  degradation.  We  have  found  that  the  second  PEST 
region  is  the  site  of  three  phosphorylation  sites  (S380,  T382, 
T383),  raising  the  possibility  that  this  sequence  is  normally 
masked  by  phosphorylation.  Arguing  against  this  model,  how¬ 
ever,  is  the  fact  that  deletion  of  the  entire  tail  also  results  in  a 
shorter  half-life.  Secondary  structure  prediction  and  the  results 
of  proteolytic  digestion  experiments  suggest  that  the  tail  is  a 
relatively  unstructured  and  presumably  flexible  region.  Thus, 
one  model  is  that  the  tail  can  mask  a  degradation  signal 
present  elsewhere  in  the  PTEN  protein  when  phosphorylated; 
this  signal  would  be  unmasked  by  dephosphorylation  leading  to 
a  shift  in  the  position  of  the  tail  (Fig.  7). 

As  an  alternative  model,  the  tail  might  regulate  PTEN  lo¬ 
calization  through  interactions  with  the  adjacent  C2  domain.  If 
so,  then  stability  might  simply  reflect  the  localization  of  PTEN 
to  a  subcellular  compartment  where  PTEN  degradation  can 
take  place.  To  date  we  have  not  seen  an  obvious  effect  on  the 
membrane  localization  of  the  relevant  C-terminal  truncations 
or  phosphorylation  site  mutants  (data  not  shown).  Surprisingly, 
PTEN;l-353  and  PTEN;A4  manifestly  increased  localization 
to  the  nucleus  (data  not  shown).  Whether  this  apparent  change 
in  localization  results  from  a  more  rapid  degradation  of  the 
cytoplasmic  component  of  these  mutants  or  from  a  true  shift  in 
localization  is  not  yet  clear.  Nonetheless,  regulation  of  local¬ 
ization  by  tail  phosphorylation  might  play  an  important  role  in 
the  regulation  of  PTEN. 

What  is  the  mechanism  through  which  PTEN  function  is 
regulated  by  the  tail?  There  are  a  number  of  mechanisms  that 
could  account  for  the  inhibitory  activity  of  the  tail  on  PTEN. 
First,  the  phosphatase  activity  itself  could  be  regulated  through 
an  allosteric  or  steric  mechanism.  To  date,  however,  we  have 
seen  no  effects  of  phosphorylation  site  mutations  on  intrinsic 
phosphatase  activity  (data  not  shown).  Second,  the  ability  of 
PTEN  to  gain  access  to  a  substrate  could  be  altered  either 
through  changes  in  localization  (see  above),  through  changes 
in  the  position  of  the  tail,  or  perhaps  through  inhibitory  inter¬ 
actions  with  tail-associated  proteins.  With  respect  to  the  last 
idea,  the  PTEN  tail  contains  a  PDZ  binding  domain.  Given 
that  the  PDZ  binding  sequence  (along  with  the  entire  tail)  is 
dispensable  for  the  biological  function  of  PTEN,  it  would  seem 
likely  that  this  domain  is  linked  to  the  role  for  the  tail  that  we 
have  put  forth.  Specifically,  the  interaction  of  a  PTEN  with  a 
PDZ  domain-containing  protein  might  be  regulated  through 
PTEN  phosphorylation. 

Are  the  PTEN  phosphorylation  events  that  we  have  identi¬ 
fied  constitutive  or  regulated?  Our  data  are  most  consistent 
with  the  idea  that  PTEN  exists  in  a  predominantly  phosphor¬ 
ylated  state  and  that  dephosphorylation  of  the  S380  cluster  is  a 
regulated  event.  While  PTEN  runs  as  a  single  band  under 
standard  sodium  dodecyl  sulfate-gel  electrophoresis  condi¬ 
tions,  on  two-dimensional  gels  multiple  isoforms  of  PTEN  can 
be  distinguished  based  on  differences  in  the  isoelectric  point 
(data  not  shown).  While  it  is  likely  that  these  forms  represent 
different  PTEN  phosphoisoforms,  how  these  forms  are  related 
to  each  phosphorylation  site  or  to  PTEN  activity  or  stability  is 
not  yet  known.  Our  model  suggests  that  PTEN  function  is 
regulated  by  the  balance  between  a  kinase  and  a  phosphatase. 
It  is  possible  that  the  kinase  constitutively  phosphorylates 
PTEN  and  that  a  phosphatase  regulates  the  activity.  An  in¬ 
triguing  possibility  is  that  PTEN  activates  itself  through  au¬ 
todephosphorylation  maintaining  a  constant  loop  of  activity. 
Identification  of  the  kinase  and  phosphatase  activities  respon- 
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sible  for  the  regulation  of  these  sites  should  provide  further 
insights  into  how  regulation  of  PTEN  is  achieved. 
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Abstract 

PTEN  acts  as  a  tumor  suppressor,  at  least  in  part,  by  antagonizing  phosphoinositide  3- 
kinase  (PI3K)  /Akt  signaling.  Here,  we  show  that  forkhead  transcription  factors  FKHRL1  and 
FKHR,  substrates  of  the  Akt  kinase,  are  aberrantly  localized  to  the  cytoplasm  and  can  not 
activate  transcription  in  PTEN-deficient  cells.  Restoration  of  PTEN  function  restores  FKHR  to 
the  nucleus  and  restores  transcriptional  activation.  Expression  of  a  constitutively  active  form  of 
FKHR  that  can  not  be  phosphorylated  by  Akt  produces  the  same  effect  as  reconstitution  of 
PTEN  to  PTEN  deficient  tumor  cells.  Specifically,  activated  FKHR  induces  apoptosis  in  cells 
that  undergo  PTEN-mediated  cell  death  and  induces  G1  arrest  in  cells  that  undergo  PTEN- 
mediated  cell  cycle  arrest.  Furthermore,  both  PTEN  and  constitutively  active  FKHR  induce 
p27KIP1  protein,  but  not  p21.  These  data  suggest  that  forkhead  transcription  factors  are  a  critical 


effectors  of  PTEN-mediated  tumor  suppression. 
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Introduction 

The  PTEN/MMAC/TEP-1  tumor  suppressor  gene  (hereafter  referred  to  as  PTEN)  is  a 
common  target  of  somatic  mutation  in  a  number  of  malignancies  including  prostate  and 
endometrial  cancer,  glioblastoma  and  melanoma  (7,  27,  35,  37,  39,  55,  64,  68,  70,  74).  In 
addition,  germ  line  mutations  in  the  PTEN  gene  are  associated  with  the  development  of  Cowden 
disease,  an  inherited  hamartoma  syndrome  associated  with  an  elevated  risk  of  breast  and  thyroid 
cancer  (38,  46).  The  PTEN  protein  product  (PTEN)  functions  as  both  a  protein  and  lipid 
phosphatase  (40,  45).  The  former  activity  is  associated  with  inhibition  of  cell  spreading  and 
dephosphorylation  of  FAK  (66).  PTEN  lipid  phosphatase  activity  is  specific  for  the  3  position  of 
phosphatidylinositol-3,4,5-trisphosphate  and  phosphatidylinositol-3,4-bisphosphate;  both  of 
which  are  by-products  of  the  lipid  kinase  activity  of  the  phosphoinositide-3  kinase  (PI3K)  (40). 
This  latter  PTEN  activity  is  associated  with  the  ability  of  PTEN  to  antagonize  signaling  through 
the  PI3K  pathway  and  hence  block  inappropriate  activation  of  the  serine  threonine  kinase  Akt 
(reviewed  in  references  (8)  and  (72)). 

Reintroduction  of  PTEN  into  certain  PTEN  null  tumor  cells,  such  as  U87-MG  and  786-0, 
leads  to  the  induction  of  a  G1  arrest  (22,  34,  54).  This  arrest  requires  the  lipid  phosphatase 
activity  of  PTEN  and  can  be  overridden  by  a  constitutively  active  form  of  the  Akt,  a  downstream 
effector  of  PI3K  (22,  54).  In  keeping  with  these  data,  PTEN  heterozygosity  results  in  excessive 
proliferation  in  murine  prostate  and  thyroid  tissues;  PTEN -/-  embryos  have  widespread  excess 
BrdU  incorporation,  and  PTEN-I-  ES  cells  show  abnormal  cell-cycle  kinetics  and  reduced 
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p27K[P1(p27)  levels  (20,  63,  65).  These  data  demonstrate  a  necessary  role  for  PTEN  in  cell-cycle 
regulation. 

Introduction  of  PTEN  into  certain  other  PTEN  null  tumor  cells  such  as  LNCaP,  MDA- 
MB-468  and  U251  results  in  the  induction  of  apoptosis  or  anoikis  (15,  16,  36,  44).  This 
induction  is  also  tied  to  inhibition  of  PI3K  and  Akt  (36,  44).  Further,  the  study  of  murine  PTEN 
loss-of-function  alleles  has  revealed  defects  in  apoptosis.  PTEN-/-  murine  fibroblasts  are 
impaired  in  their  response  to  apoptotic  stimuli  such  as  UV  irradiation  and  osmotic  stress  (63). 
PTEN+/-  mice  have  abnormal  lymphoid  aggregates  and  lymphocytes  from  these  mice  have 
reduced  Annexin  V  staining,  a  marker  of  apoptosis  (53).  Finally,  PTEN+/-  mice  also  develop  a 
lymphoproliferative  syndrome  that  results  from,  and  phenocopies,  defects  in  Fas  signaling  (19). 
Collectively,  these  data  support  a  necessary  role  for  PTEN  in  mediating  apoptosis  in  fibroblasts 
and  lymphocytes.  PTEN,  like  p53,  is  therefore  a  regulator  of  both  cell-cycle  progression  and 
apoptosis. 

Potential  effectors  of  PI3K  signaling,  downstream  of  PTEN,  include  a  number  of 
identified  Akt  substrates  such  as  BAD,  Caspase  9,  IKKa  and  the  Ffd  transcription  factors  FKHR, 
FKHRL1,  and  AFX  (5,  6,  9,  14,  32,  49,  67).  Each  of  these  substrates  is  implicated  in  cell- 
survival.  Other  downstream  targets  of  Akt  include  nitric  oxide  synthetase,  GSK-3  and  4E- 
BPl/Phas-I  (13,  25,  42).  While  each  of  these  proteins  is  a  known  Akt  substrate,  with  respect  to 
the  function  of  PTEN  as  a  tumor  suppressor  it  is  not  known  which  substrates  are  either  necessary 
and/or  sufficient  for  enacting  cell-cycle  control  or  for  the  induction  of  apoptosis.  One  possibility 
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is  that  different  Akt  substrates  are  responsible  for  enacting  cell  cycle  control  and  regulating 
apoptosis.  Alternatively,  it  is  possible  that  one  Akt  target  might  be  critical  for  both  functions. 
Therefore,  we  sought  to  determine  whether  one  or  more  of  these  substrates  was  deregulated  in 
PTEN  null  tumors,  and  in  addition,  to  determine  whether  any  one  target  was  either  necessary  or 
sufficient  for  PTEN  to  regulate  the  cell  cycle  or  to  induce  apoptosis. 

Here,  we  show  for  the  first  time  that  members  of  the  forkhead  transcription  factor  family 
are  deregulated  and  inactive  in  PTEN  null  cells.  Furthermore,  a  form  of  the  Forkhead  factor 
FKHR  (FKHR;AAA)  that  can  not  be  phosphorylated  by  Akt  is  sufficient  to  induce  apoptosis  in 
PTEN  null  cells.  In  addition,  this  constitutively  active  form  of  FKHR  induced  a  cell-cycle  arrest 
rather  than  apoptosis  in  PTEN  null  cells  that  likewise  undergo  a  G1  arrest  following  restoration 
of  PTEN  function.  As  shown  before  for  PTEN,  the  phosphosite  mutant  form  of  FKHR  was  also 
capable  of  inducing  p27,  but  not  p21  protein.  These  data  suggest  that  an  active  form  of  FKHR 
can  compliment  PTEN  deficiency  in  both  cell  cycle  and  apoptotic  pathways  and  suggest  that 
FKHR  may  function  as  regulator  of  both  proliferation  and  cell  survival  in  the  PI3K  signaling 
pathway.  These  results  further  suggest  that  FKHR  or  its  related  family  members  AFX  and 
FKHRL1  are  critical  proteins  downstream  of  PTEN,  and  that  restoration  of  forkhead  function 
might  suppress  tumorigenesis  in  PTEN-deficient  tumor  cells. 

Materials  and  Methods 

Plasmids.  pCD19,  pSG5L,  pSG5L-HA-PTEN,  pSG5L-HA-PTEN;G129R,  pSG5L-HA- 
PTEN;G129E,  pSG5L-HA-PTEN;  1-353,  pBABE-puroL,  pBABE-puroL-HA-PTEN;  pBABE- 
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puroL-HA-PTEN;G129R  and  pGL3-promoter  (Promega)  were  described  previously  (54,  58,  69). 
pcDNA3-Flag-FKHR,  pcDNA3-Flag-FKHR;H215,  pcDNA3-Flag-FKHR;AAA,  and 
pGL2promoter-3xIRS  were  gifts  of  E.Tang,  F.  Barr  and  K.  Guan  (67).  The  inserts  from 
pcDNA3-Flag-FKHR  or  the  mutant  derivatives,  restricted  with  BamHI  and  Xbal,  were  ligated  to 
the  vector  from  similarly  restricted  pcDNA3-GFP  to  give  pcDNA3-GFP-FKHR,  pcDNA3-GFP- 
FKHR;H2 15R  and  pcDNA3-GFP-FKHR;AAA.  The  oligonucleotides  5- 
'GCGCGGATCCATGGCCGAGGCGCCTCAGGTG3'  ,  and  5  '  - 

CGCGCTCGAGGAATTCTCAGCCTGACACCCAGCTATG-3',  were  used  to  PCR  amplify  the 
FKHR  cDNAs.  The  PCR  products,  restricted  with  BamHI  and  Xhol,  were  ligated  to  similarly 
restricted  pBABE-puroL  to  give  pBABE-puroL-FKHR,  pBABE-puroL-FKHR;H215R,  and 
pB  ABE-puroL-FKHR;  AAA.  The  oligonucleotides  5'- 

GCGCGCTAGCGTG  AC  AGAGTGAGACTCTGT  CTCTATTT  AA  AT  AAAT  AAGT  AAATA  AA 
T  A  A  A  C  -  3  '  and  5  '  - 

GGGGAGATCTGCTTTGTATTTCACAATGTTTTCATTTTCATTGTTTGCCCAGTTTATTT 
ATTT-3'  containing  the  forkhead  site  of  the  FasL  promoter,  were  phosphorylated,  annealed  and 
ligated  to  pGL3-promotor  restricted  with  Bglll  and  Nhel  to  give  pGL3-promoter-FasL.  This 
plasmid  was  subsequently  restricted  with  Bglll  and  Hindlll,  blunted  and  ligated  to  remove  the 
SV40  promoter  and  give  pGL3-FasL.  pAdTrack  -CMV  and  pAdEasy-1  were  the  gifts  of  B. 
Vogelstein  and  K.  Polyak  (29).  The  insert  from  pcDNA3-Flag-FKHR;AAA  liberated  by 
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restriction  with  Xbal  and  partial  digestion  with  Hindlll,  was  ligated  to  similarly  restricted 
pAdTrack-CMV  vector  to  give  pAd-FKHR;AAA. 

Cell  lines,  cell  culture,  transfection  and  MTS  assay.  LNCaP  cells  were  maintained  in 
RPMI  1640  containing  10%  Fetal  calf  serum  (FCS)  (HyClone),  penicillin  and  streptomycin  (PS), 
2.5  gm/L  glucose  and  lOmM  Hepes,  ImM  sodium  pyruvate,  and  2  mM  L-glutamine  at  37°C  in  a 
humidified  5%  C02  atmosphere.  DU-145  cells  were  maintained  in  DMEM  containing  10%  FCS 
and  PS  at  37°C  in  a  humidified  10%  C02  atmosphere.  ACHN,  786-0,  and  U2-OS  cells  were 
maintained  as  previously  described  (54).  Phoenix-ampho  (<|)X-A)  cells  were  maintained  in 
DMEM  containing  10%  FC  and  PS,  at  37°C  in  a  humidified  10%  C02  atmosphere.  786-0  cells 
were  transfected  using  Fugene  reagent  (Boehringer-Mannheim)  as  previously  described  (71). 
U2-OS,  ACHN,  <J)X-A  cells  were  transfected  by  the  BBS  calcium-phosphate  method  as 

previously  described  (11,  58). 

LNCaP  and  786-0  cell  viability  was  assayed  using  the  Cell  Titer  96  AQueous  non- 
* 

Radioactive  Cell  Proliferation  Assay  (Promega)  according  to  the  manufacturer's  protocol. 
Briefly,  cells  were  detached  with  trypsin  and  collected  in  10  ml  of  complete  media.  100  pi  of 
cells  was  aliquoted  in  triplicate  into  96  well  plates.  Twenty  pi  of  a  1:20  dilution  of  phenazine 
methosulfate  (PMS)  in  {3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulphophenyl)-2H-tetrazolium,  inner  salt}  (MTS)  reagent  was  added  to  each  well.  The  plate  was 
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incubated  at  37°C  at  10%  C02  for  15  min.  Formazan  product  was  detected  by  measuring  the 
absorbance  at  490  nm. 

Antibodies,  immunoblotting,  protein  extraction,  cell  fractionation.  Anti-PTEN(C54) 
(54),  anti-HA  (BabCo),  anti-FKHRLl,  anti-phospho-FKHRLl  (Upstate  Biotechnology),  anti- 
GSK3  (New  England  Biolabs,  NEB),  anti-phospho-GSK3  (NEB),  anti-phospho-Akt  (NEB),  anti- 
Akt  (NEB),  anti-p27  (Transduction  Laboratories),  anti-p70S6K  (Santa  Cruz  Biotechnology)  and 
245  anti-RB  (Pharmingen)  antibodies  were  used  at  a  dilution  of  1:1000.  M5  anti-flag  antibody 
(Sigma)  was  used  at  lOpg/ml.  Anti-p21  (Transduction  Laboratories)  was  used  at  1:500.  Anti¬ 
tubulin  (ICN)  was  used  at  1:2000.  Anti-GAPDH  (Biodesign  International)  was  used  at  1:5000. 

Cell  lysates  were  prepared  and  immunoblots  performed  as  previously  described  (71). 

786-0  and  ACHN  cells  were  fractionated  by  swelling  for  10  min  in  RBS  buffer  (10  mM 

Hepes,  pH  7.2,  10  mM  NaCl,  and  1.5  mM  MgCL)  containing  leupeptin  5pg/ml,  aprotinin  2 

pg/ml,  PMSF  50  pg/ml,  NaF  5  mM,  and  NaOrthovanadate  0.5  mM.  Cells  were  disrupted  by  60 
* 

(786-0)  or  10  (ACHN)  manual  strokes  of  a  dounce  homogenizer.  Nuclei  were  pelleted  by 
centrifugation  at  2700  RPM's  for  5  min,  washed  three  times  in  RBS,  and  lysed  in  RIPA  buffer 
(10  mM  NaP04,  150  mM  NaCl,  1%  NP-40,  0.1%  DOC,  0.1%  SDS).  Cytoplasmic  proteins  were 
precipitated  with  10%  Trichloracetic  acid,  washed  with  80%  acetone,  washed  with  ddH20,  and 
solubilized  in  IX  protein  sample  buffer. 
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FACS/Cell-cycle  analysis.  Cell  cycle  analysis  was  performed  as  previously  described  (58, 
71).  Briefly,  786-0  cells  grown  on  plOO  plates  were  transfected  with  4  pg  of  pCD19  plasmid 
and  the  amounts  of  either  pSG5  or  pcDNA3  expression  plasmid  indicated  in  the  figure  legends. 
Forty-eight  h  after  transfection,  cells  were  harvested,  stained  with  fluorescein  isothiocyanate- 
conjugated  anti-CD19  antibody  and  propidium  iodide  and  analyzed  by  two-color  FACS 
(Beckton-Dickinson) . 

Retrovirus  production  and  infection.  Amphotrophic  retroviral  supernatants  were  produced 
as  previously  described  (52).  Briefly,  <|>X-ampho  cells,  split  1:4  the  previous  day,  were 
transfected  with  25  pg  of  the  indicated  pBABEpuroL  plasmid  DNA.  After  16  h  the  media  was 
changed  and  the  cells  incubated  in  10%  C02  incubator  for  48  h.  The  media  was  harvested  and 
stored  at  -70°C  until  needed.  786-0  and  LNCaP  cells  were  incubated  with  5ml  of  thawed  viral 
supernatant  containing  5  pg/ml  polybrene  (hexadimethine  bromide)  (Sigma  H9268)  and 
incubated  at  37°C  for  4  h.  Five  ml  of  complete  media  was  added  and  the  cells  were  maintained 
for  40  h  in  standard*  growth  conditions  after  which  the  media  was  changed  to  complete  media 
supplemented  with  2  pg/ml  puromycin.  Drug  resistant  cells  were  selected  and  harvested  after  72 
h.  Typically,  85%  of  LNCaP  or  786-0  cells  infected  with  the  pBABE-puroL  retrovirus  were 
drug  resistant. 

Adenovirus  Production  and  Infection.  Recombinant  FKHR;AAA  adenovirus  was 
generated  as  previously  described  (29).  Briefly,  pAdTrack-CMV  and  pAd-FKHR;AAA  were 


9 


Nakamura,  et.  al. 


linearized  and  individually  co-transformed  into  electrocompetent  BJ5183  cells  (Quantum 
Biotechnologies)  along  with  pAdEasy-1.  Next,  recombinant  adenoviral  DNA,  isolated  from 
kanamycin  resistant  colonies,  was  amplified  in  ToplO  cells  (Invitrogen),  purified  by  CsCU 
density  gradient  centrifugation,  linearized  with  Pad  and  transfected  into  293  cells  with 
Lipofectamine  (Life  Technologies).  After  7-10  days,  packaged  virus  collected  and  used  to  infect 
20  pi 50  plates  of  293  cells.  The  amplified  virus  was  isolated  by  freeze-thaw  extraction,  purified 
by  CsCl2  density  gradient  centrifugation  and  titered  by  lysis  of  293  cells.  LNCaP  and  786-0  cells 
were  infected  with  Ad-vector  at  50  moi  and  Ad-FKHR;AAA  at  100  moi. 

Reporter  assays.  Transfections  for  reporter  assays  were  carried  out  in  6  or  24  well  plates. 
Thirty-six  h  after  transfection,  cells  were  lysed  in  IX  Reporter  Lysis  Buffer  according  to  the 
manufacturer's  protocol  (Promega).  Cleared  lysates  were  used  in  luciferase  and  B-galactosidase 
assays  as  described  previously  (58).  Relative  light  units  were  normalized  to  B-galatosidase 
activity.  The  fold  activation  was  obtained  by  dividing  corrected  luciferase  values  by  the 
corrected  luciferase  value  obtained  in  the  presence  of  the  vector  and  reporter  plasmids  alone. 

Real-time  quantitative  polymerase  chain  reaction.  RNA  was  prepared  using  the 
RNeasy  RNA  isolation  kit  (Qiagen)  according  to  the  manufacturer's  protocol  and  included 
DNAse  treatment.  One  pg  total  RNA  was  reverse-transcribed  at  42°C  for  45  min  in  a  20  pi 
reaction  mixture  containing  250  pM  each  dNTP,  20U  of  RNase  inhibitor,  50U  of  MuLV  Reverse 
Transcriptase  (RT),  2.5  pM  random  hexamers,  and  IX  RT  buffer  (1.5  mM  MgCl2),  and  then 
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denatured  at  99°C  for  5  min.  A  RT  minus  reaction  was  performed  for  each  sample.  Specific 
primers  and  fluorogenic  probe  for  human  p27  (Fw:  5’  GCAATGCGCAGGAATAAGGA  3’; 
Rev:  5’  TCC  AC  AG  A  ACCGGC  ATTTG  3’;  Probe:  5’ 

CGACCTGCAACCGACGATTCTTCTACTCA  3’)  were  designed  using  Primer  Express  1.0 
Software.  Amplification  of  the  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  gene  was 
used  to  standardize  the  amount  of  RNA  in  each  reaction  (Taqman  GAPDH  Control  Reagents). 
PCR  was  performed  using  an  ABI  PRISM  7700  Sequence  Detector.  The  Taqman®  PCR  Core 
Reagent  Kit  was  used  according  to  the  manufacturer's  protocol  with  the  following  modifications: 
dUTP  was  replaced  by  dTTP  and  incubation  with  AmpErase  was  omitted.  PCR  reactions  each 
contained  1  pi  cDNA  (equivalent  to  50  ng  template  RNA),  2.5  U  of  AmpliTaq  Gold,  100  nM 
oligonucleotide  primers  and  fluorogenic  probe  in  a  volume  of  50  pi.  Amplifications  consisted  of 
60  cycles  of  94  C°  for  45  sec,  58  C°  for  45  sec,  and  72  C°  for  1  min.  All  reagents  for  real-time 
PCR  were  purchased  from  Perkin-Elmer  Applied  Biosystems. 

In  each  experiment,  additional  reactions  with  7  serial  two-fold  dilutions  of  786-0  cDNA 
as  template  were  performed  with  each  set  of  primers  and  probes  on  the  same  96  well  plate  to 
generate  standard  curves,  which  related  the  threshold  cycle  (CT)  to  the  log  input  amount  of 
template.  All  samples  were  amplified  in  triplicates.  The  relative  amount  of  p27  transcripts  in 
each  sample  was  determined  by  using  the  standard  curve  method  and  by  normalizing  for 
GAPDH  mRNA  expression  levels,  as  previously  described  (1,  21). 
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Protein  half-life  determination  by  cycloheximide  treatment.  Twenty  h  after  adenoviral 
infection,  786-0  cells  were  treated  with  25pg/ml  of  cycloheximide.  At  the  indicated  times,  cells 
were  washed,  scrape  harvested  into  500pl  of  PBS,  pelleted  by  centrifugation  at  400  x  g  for  5  min 
and  stored  at  -70°C.  Cell  extracts  were  prepared  as  described  above  and  immunoblotted  with  the 
indicated  antibodies.  Multiple  exposures  were  obtained  and  then  digitized  using  a  Scanmaker 
III  flatbed  scanner.  The  resulting  immunoblot  signals  were  quantified  using  ImageQuant 
software  (Molecular  Dynamics).  Only  radiographs  where  the  peak  quantification  showed  non¬ 
saturating  signals  were  used.  The  half-life  was  calculated  from  exponential  curve  fits  to  the  data 
plotted  in  log-linear  fashion,  as  previously  described  (71). 

Results 

FKHRL1  protein  levels  and  phosphorylation  are  deregulated  in  the  absence  of  PTEN.  A 

survey  of  the  activation-state  of  downstream  targets  of  Akt  was  undertaken  using  antibodies 
against  specific  phosphopeptides.  Two  pairs  of  cell  lines  were  used,  ACHN  and  786-0  renal 
carcinoma  cells  and  DU145  and  LNCaP  prostate  carcinoma  cells.  ACHN  and  DU145  both 
retain  wild-type  PTEN  alleles  and  express  an  intact  PTEN  protein  while  786-0  and  LNCaP  cells 
fail  to  express  any  full-length  PTEN  protein  (54)  (Fig.  1).  Whole  cell  extracts  were  prepared 
from  serum-starved  cells  or  from  starved  cells  that  were  stimulated  with  serum.  As  previously 
shown,  in  these  PTEN-/-  cells  the  phosphorylated  and  activated  form  of  Akt  is  overabundant 
(54),  (Fig.  1).  Extracts  were  immunoblotted  with  antibodies  that  detect  phosphorylation  of 


12 


Nakamura,  et.  al. 


GSK3  and  FKHRL1.  In  the  absence  of  serum,  deregulation  of  GSK3-a  phosphorylation  was 
noted  in  the  two  PTEN  null  cell  lines  (Fig.  1).  Immunoblotting  also  demonstrated  a  marked  in 
crease  in  phosphorylated  FKHRL1  in  the  PTEN  null  cell  lines,  however  the  total  amount  of 
FKHRL1  was  also  elevated  in  these  cells.  While  both  endogenous  AFX  and  FKHR  were 
detected  in  all  of  these  cells  (data  not  shown),  phosphospecific  antibodies  were,  in  our  hands, 
incapable  of  recognizing  endogenous  phosphorylated  AFX  or  FKHR.  In  contrast  to  the  results 
obtained  with  FKHRL1  and  GSK3,  phosphorylated  Bad  was  not  detected  in  these  cells  and 
p70S6K  was  not  consistently  hyperphosphorylated  in  a  manner  that  reflected  loss  of  PTEN  (data 
not  shown  and  Fig.  1). 

FKHR  localization  is  constitutively  cytoplasmic  in  PTEN  -/-  cells.  Previous  data  showed  that 
Akt-dependent  inhibition  of  FKHR  or  FKHRL1  is  mediated,  at  least  in  part,  by  phosphorylation- 
dependent  localization  of  these  transcription  factors  to  the  cytoplasm  (5,  6).  These 
considerations  and  the  data  in  Fig.  1  led  us  to  ask  whether  forkhead  factors  might  be  aberrantly 
localized  in  PTEN  null  cells.  To  this  end  786-0  and  ACHN  cells  were  fractionated  into 
cytoplasmic  and  nuclear  fractions.  Anti-FKHRLl  immunoblotting  demonstrated  that  FKHRL1 
was  indeed  cytoplasmic  in  PTEN  null  786-0  cells,  while  in  ACHN  cells,  FKHRL1  was  primarily 
localized  to  the  nucleus  (Fig.  2C).  As  controls  for  fractionation,  immunoblotting  demonstrated 
that  6-tubulin  was  found  in  the  cytoplasm  and  the  Retinoblastoma  protein  (pRB)  was  found  in 
the  nucleus  (Fig.  2C). 
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In  order  to  examine  localization  of  Forkhead  factors  in  living  cells,  plasmids  encoding 
green  fluorescent  protein  (GFP)-FKHR  fusion  proteins  were  introduced  into  cells  containing  or 
lacking  PTEN.  Here,  we  chose  to  use  FKHR  as  a  representative  of  the  class  of  forkhead 
transcription  factors  that  include  FKHR,  FKHRL1,  and  AFX.  After  24  h,  the  localization  of 
GFP-FKHR  in  living  cells  was  determined  by  direct  visualization  using  fluorescence 
microscopy.  In  cells  that  have  PTEN,  GFP-FKHR  was  found  localized  primarily  in  the  nucleus 
(ACHN)  or  in  both  the  nucleus  and  cytoplasm  (U2-OS).  In  contrast,  GFP-FKHR  was  localized 
exclusively  in  the  cytoplasm  in  cells  lacking  PTEN  (786-0  and  LNCaP)  (Fig.  2A).  These  data 
were  quantified  by  manual  counting  of  cells  (Fig.  2B).  In  contrast,  a  FKHR  mutant 
(FKHR; AAA)  lacking  the  three  Akt  phosphoacceptor  sites  (T24A,  S256A,  S319A)  (67),  was 
found  primarily  in  the  nucleus  of  PTEN  null  cells  (Fig.  2A).  These  data  suggest  that  in  PTEN 
null  cells,  FKHR  is  mislocalized  to  the  cytoplasm  due  to  persistent  activation  of  the  PI3K 
pathway  and  hence  persistent  FKHR  phosphorylation. 

PTEN  expression' relocalizes  GFP-FKHR  to  the  nucleus  of  PTEN  null  cells.  In  order  to 
determine  whether  re-expression  of  PTEN  protein  could  effect  a  change  in  the  localization  of 
GFP-FKHR,  plasmids  encoding  either  wild-type  or  mutant  PTEN  derivatives  were  transfected 
into  both  786-0  and  LNCaP  cells  along  with  the  plasmid  encoding  GFP-FKHR.  In  greater  than 
90%  of  LNCaP  or  786-0  cells  co-transfected  with  PTEN;WT,  GFP-FKHR  was  localized  to 
nuclei  (Fig.  3A,  B  and  C).  In  contrast,  GFP-FKHR  remained  cytoplasmic  when  co-produced 
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with  either  PTEN  mutant  (PTEN;G129R  and  PTEN;G129E)  (Fig.  3A,  B  and  C).  PTEN;G129E 
retains  protein,  but  not  lipid  phosphatase  activity  whereas  PTEN;G129R  lacks  both  these 
activities  (22,  44,  54).  Thus,  PTEN  protein  phosphatase  activity  is  not  sufficient  for  the 
induction  of  nuclear  localization  of  GFP-FKHR.  PTEN;  1-353  is  a  truncated  form  of  PTEN,  that 
retains  lipid  and  protein  phosphatase  activity,  and  can  inhibit  cell-cycle  progression  and  Akt 
kinase  activity  comparably  to  wild-type  PTEN  (Fig.  3A,  B  and  C)  (S.  Ramaswamy  and  W.  R. 
Sellers,  unpublished  data,  (33,  71)).  In  keeping  with  these  data,  expression  of  PTEN;  1-353  led  to 
the  nuclear  accumulation  of  GFP-FKHR;WT.  Together  these  data  suggest  that  FKHR  is 
aberrantly  localized  in  PTEN  null  cells  and  that  reconstitution  of  PTEN  lipid  phosphatase 
activity  is  sufficient  for  localizing  FKHR  to  the  nucleus. 

FKHR  transcriptional  activity  is  defective  in  PTEN  null  cells.  FKHR  can  ac ti  v ate 

transcription  from  a  minimal  promoter  element  contained  within  the  IGFBP-1  promoter  (28,  67). 
Likewise,  FKHRL1  can  activate  transcription  from  a  sequence  derived  from  the  FasL  promoter 
(6)).  The  localization  data  obtained  using  GFP-FKHR  fusion  proteins  suggested  that  FKHR 
might  not  activate  transcription  in  a  PTEN  null  cell.  To  test  this,  PTEN+/+  ACHN  and  U2-OS 
cell  were  transfected  with  a  luciferase  reporter  plasmid  containing  a  3xIRS  element,  or  a  FasL 
promoter  element,  along  with  a  plasmid  encoding  Flag-tagged  FKHR.  In  these  cells,  FKHR 
transfection  resulted  in  a  dose-dependent  increase  in  transcription  (Fig.  4 A  and  B,  and  data  not 
shown).  In  these  same  cells  FKHR;H215R,  harboring  a  point  mutation  in  the  DNA-binding 
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domain,  had  no  effect  (data  not  shown).  In  contrast  to  these  results  transfection  of  wild-type 
FKHR  in  the  PTEN  null  786-0  and  LNCaP  cells,  did  not  activate  transcription  from  either  the 
3xIRS  or  FasL  promoter  elements  (Fig.  4C  and  D,  and  data  not  shown).  These  data  demonstrate 
that  the  ability  of  FKHR  to  activate  transcription  is  defective  in  PTEN  null  cells.  Note  that 
neither  reporter  used  in  these  experiments  was  capable  of  assaying  endogenous  forkhead  activity. 
Specifically,  in  the  absence  of  exogenous  FKHR,  when  these  reporters  were  compared  to  the 
same  reporters  lacking  an  intact  Forkhead  DNA  binding,  there  was  no  significant  difference  in 
overall  transcriptional  activation  (data  not  shown).  This  presumably  indicates  that  other 
elements  in  these  synthetic  promoters  contributes  to  the  relatively  high  level  of  basal  activity. 

While  wild-type  FKHR  failed  to  activate  transcription  in  these  cells,  the  phosphorylation 
site  mutant  FKHR;AAA  was  capable  of  activating  transcription  in  the  PTEN  null  cells  (data  not 
shown).  We  next  asked  whether  PTEN,  as  an  antagonist  of  PI3K/Akt  signaling,  could  rescue 
FKHR  transcriptional  activation.  To  this  end,  786-0  cells  were  co-transfected  with  the  FasL 
promoter-luciferase  reporter  plasmid  along  with  either  empty  vector,  or  wild-type  FKHR.  In 
keeping  with  the  data  in  Fig.  4,  wild-type  FKHR  did  not  activate  transcription  from  this  promoter 
(Fig.  5A  and  B).  Likewise,  co-transfection  of  wild-type  FKHR  with  plasmids  encoding  the 
PTEN  mutants  G129R  or  G129E  failed  to  activate  the  FasL  promoter  (Fig.  5A).  In  contrast,  co¬ 
transfection  of  plasmids  encoding  either  PTEN;WT  or  PTEN;  1-3 53  rescued  transcriptional 
activity  (Fig.  5A).  As  a  control,  production  of  PTEN;WT  along  with  the  DNA-binding  defective 
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mutant  FKHR;H215R,  had  no  effect  on  transcription  (Fig.  5A)  despite  the  fact  that  PTEN 
relocalizes  the  GFP-FKHR;H215R  mutant  efficiently  to  the  nucleus  (Fig.  3A  and  D).  In  order  to 
ask  whether  these  observations  held  with  other  FKHR  responsive  reporters,  we  performed 
similar  experiments  using  the  3xIRS-luciferase  reporter  plasmid  (Fig.  5B  and  5D).  Here,  FKHR 
again  was  incapable  of  activating  transcription  when  overexpressed.  Co-transfection  of  FKHR 
along  with  either  PTEN;WT  or  PTEN;  1-353  restored  FKHR-dependent  activation  while, 
PTEN;G129R  and  PTEN;G129E  did  not.  Finally,  PTEN  restored  dose-dependent  transcriptional 
activity  of  FKHR;WT  when  measured  on  both  the  FasL  promoter  and  the  3xIRS  promoter,  while 
PTEN;G129R  had  no  effect  at  the  highest  doses  of  FKHR  tested  (Fig.  5C  and  5D).  Taken 
together  the  above  data  suggest  that  PTEN  allows  for  appropriate  localization  of  FKHR  and  for 
appropriate  transcriptional  function. 

Activated  FKHR  induces  cell-death  in  LNCaP.  Certain  PTEN  null  cells,  such  as  PTEN-/- 
MEFs  are  resistant  to  apoptotic  stimuli  (63,  65)  and  PTEN  reconstitution  to,  or  treatment  with 
PI3K  inhibitors  of' certain  PTEN  null  tumor  cells  (e.g.  UMG-251  or  LNCaP),  results  in  the 
induction  of  cell-death  that  is,  at  least  in  part,  mediated  through  apoptosis  (10,  15,  16,  36). 
Likewise,  FKHRL1  and  FKHR  can  both  induce  apoptosis  (6,  67).  Thus,  we  next  asked  whether 
FKHR  or  the  FKHR;AAA  mutant  could  induce  cell  death  in  PTEN-null  LNCaP  or  786-0  cells. 
To  test  this,  PTEN  null  786-0  or  LNCaP  cells  were  incubated  with  culture  supernatants 
containing  amphotrophic  retroviruses  encoding  PTEN;WT,  PTEN;G129R,  FKHR;WT  and 
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FKHR;AAA  and  were  then  selected  with  puromycin.  In  keeping  with  previously  reported  results 
(15,  44),  PTEN  induced  cell  death  in  LNCaP  cells  and  completely  suppressed  the  emergence  of 
puromycin  resistant  cells  (Fig.  6A  and  C).  On  the  other  hand,  infection  with  retrovirus 
producing  PTEN;G129R  had  no  effect  on  cell  viability.  Cells  infected  with  FKHR;WT  were 
more  prone  to  cell  death  than  vector  infected  controls,  however  puromycin  resistant  populations 
expressing  FKHR;WT  were  obtained  (data  not  shown).  In  comparison,  infection  with  retrovirus 
producing  FKHR;AAA,  like  PTEN,  led  to  marked  suppression  of  cell  viability  and  completely 
suppressed  the  emergence  of  puromycin  resistant  clones.  Thus,  the  activated  form  of  FKHR 
complimented  PTEN  deficiency  in  these  cells. 

In  contrast  to  the  results  obtained  in  LNCaP  cells,  retroviral  transduction  of  PTEN  into 
786-0  cells,  did  not  induce  cell  death  (Fig.  6A,  B  and  D).  786-0  cultures  were  likewise  infected 
with  viruses  leading  to  the  production  of  FKHR  or  FKHR;AAA.  Here,  surprisingly,  FKHR  and 
FKHR;AAA  had  little  overall  effect  on  cell  viability  (Fig.  6A  and  D).  Furthermore,  puromycin- 
resistant  polyclonal  lines  expressing  these  proteins  were  derived  (Fig.  6B).  Thus,  activated 
FKHR  can  induce  apoptosis  in  a  cell  line  in  which  PTEN  induces  apoptosis,  but  does  not  induce 
apoptosis  in  a  cell  line  immune  to  PTEN  induced  apoptosis. 

FKHR  induces  a  cell-cycle  block  in  PTEN  null  cells.  In  U87-MG  and  768-0  cells, 
reintroduction  of  PTEN  by  adenoviral  infection  or  transient  transfection  induces  a  cell  cycle 
arrest  in  G1  rather  than  apoptosis  (22,  36,  54).  One  possibility,  among  many,  for  the  lack  of 
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apoptosis  in  these  cells  is  that  additional  genetic  alterations  in  these  cells  render  PTEN  incapable 
of  inducing  apoptosis.  If  FKHR  is  a  critical  downstream  activator  of  apoptosis  in  these  cells, 
perhaps  this  putative  defect  is  a  defect  in  FKHR  function.  If  so,  this  might  account  for  the  lack  of 
effect  of  the  FKHR;AAA  mutant  in  the  cell-death  assay  performed  in  786-0  cells  (Fig.  6A). 
Alternatively,  FKHR  or  other  Forkhead  factors  might  function  in  both  the  apoptotic  and  cell- 
cycle  function  of  the  PI3K/PTEN/Akt  pathway.  To  test  this  hypothesis,  a  transient  cell-cycle 
assay  was  utilized.  786-0  cells  were  transiently  transfected  with  a  plasmid  encoding  the  cell- 
surface  marker  CD19  along  with  plasmids  encoding  PTEN;WT  or  PTEN;G129R.  PTEN;WT, 
but  not  PTEN;G129R  induced  a  modest  cell-cycle  block.  While,  FKHR;WT  had  a  minimal 
effect  on  the  G1  population,  FKHR; AAA  induced  a  robust  G1  arrest  (Fig.  7A),  whereas 
FKHR;H215R  did  not.  Thus,  activated  FKHR  can  compliment  the  loss  of  PTEN  in  786-0  cells. 
We  next  asked  whether  PTEN  could  "rescue"  the  apparent  defect  in  FKHR;WT  mediated  cell- 
cycle  arrest.  In  keeping  with  the  ability  of  PTEN  to  relocalize  FKHR  and  to  restore 
transcriptional  activation,  co-transfection  of  PTEN;WT  along  with  FKHR;WT  led  to  an  increase 
in  the  G1  population  that  was  comparable  to  that  induced  by  the  FKHR;AAA  mutant  (Fig.  7B). 
These  data  suggest  that  restoration  of  functional  FKHR  to  these  cells,  by  co-transfection  of 
PTEN  or  by  rendering  FKHR  immune  to  Akt  phosphorylation,  is  sufficient  to  arrest  PTEN  null 
cells  in  Gl. 

Loss  of  PTEN  in  cells  leads  to  a  reduction  in  p27  protein  levels  (34,  65).  Thus,  in  order 
to  begin  to  characterize  the  Gl  arrest  induced  by  FKHR;AAA  we  first  examined  p27  protein 
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levels.  To  investigate  this,  786-0  cells  were  transiently  transfected  with  a  plasmid  encoding  the 
cell-surface  marker  CD19  along  with  the  vector  plasmid  or  with  plasmids  encoding  PTEN;WT, 
FKHR;WT  or  FKHR;AAA.  The  CD  19+  and  hence  transfected  cells  were  collected  on  anti- 
CD^  coated  magnetic  beads.  Protein  extracts  were  prepared  and  immunoblotted  with  antisera 
specific  for  p27.  Here,  wild-type  PTEN  and  constitutively  active  FKHR;AAA,  both  induced  p27 
protein  (Fig.  1C).  In  this  cell  line,  immunoblots  for  p27  consistently  show  a  doublet  that  is 
recognized  by  multiple  independent  anti-p27  antisera  (data  not  shown).  Anti-GAPDH 
immunoblotting  served  to  confirm  equivalent  protein  loading.  In  addition,  while  PTEN  induced 
a  modest  increase  in  p27,  wild-type  FKHR  co-transfected  along  with  wild-type  PTEN  induced 
p27  levels  comparably  to  FKHR;AAA  (Fig.  1C).  These  data  were  confirmed  and  extended  using 
retroviral  delivery  of  the  FKHR;AAA  to  786-0  cells  and  with  adenoviral  delivery  of 
FKHR; AAA  (Fig.  8).  While  p27  was  again  induced  by  FKHR;AAA,  p21  was  not  (Fig.  7D). 
These  data  suggest  that  p27  is  a  specific  downstream  target  of  FKHR.  Finally,  infection  of  786- 
O,  but  not  infection  of  LNCaP  cells,  with  adenovirus  directing  the  expression  of  FKHR;AAA 
(Ad-FKHR;AAA)  induced  p27  protein. 

While  our  data  and  the  genetic  evidence  in  C.elegans  suggests  that  Forkhead  factors  are 
critical  downstream  targets  of  PTEN,  it  is  possible  that  our  results  reflect  not  a  downstream 
effect  of  FKHR,  but  rather  a  negative  regulation  of  Akt  by  FKHR,  perhaps  through  feedback 
inhibition.  To  ask  whether  such  a  mechanism  might  account  for  FKHR  actions  in  these  cells,  we 
examined  the  state  of  phosphorylation  and  hence  activation  of  Akt.  The  immunoblots  described 
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above  were  stripped  and  re-probed  with  antisera  specific  to  the  Serine  473  phosphorylation  on 
Akt.  Here,  in  keeping  with  previously  published  data,  production  of  wild-type  PTEN  led  to  an 
ablation  of  phospho-Akt  (data  not  shown)  while  FKHR;AAA  production  was  associated  with  a 
modest  increase  in  phosphorylated  Akt,  while  total  Akt  remained  unchanged  (Fig.  7C  and  data 
not  shown).  These  data  suggest  that  feedback  inhibition  of  Akt  is  not  the  mechanism  by  which 
FKHR  promotes  either  apoptosis  or  a  G1  arrest. 

FKHR;AAA  induces  p27  mRNA  and  prolongs  the  p27  protein  half-life.  In  order  to  begin  to 
address  the  mechanism  through  which  FKHR  regulates  p27,  p27  mRNA  levels  were  determined 
in  786-0  cells  following  adenoviral  infection  with  Ad-FKHR;AAA.  At  24  h,  cells  infected  with 
Ad-FKHR;AAA  demonstrated  a  modest  1.3  -  1.5  fold  induction  of  the  p27  mRNA  when 
compared  to  those  cells  infected  with  Ad-vector  (Fig.  8B).  Consistent  with  these  results,  we 
have  found  Ad-PTEN  induces  a  1.8  fold  induction  in  p27  mRNA  (S.  Ramaswamy,  S.  Signoretti, 
M.  Loda  and  W.R.  Sellers,  unpublished  data).  Next,  786-0  cells  were  again  infected  with  Ad- 
vector  or  Ad-FKHR;AAA.  Twenty-four  h  after  infection  cells  were  treated  continuously  with 
cycloheximide  (25  pg/ml).  At  specific  time  points,  the  p27  protein  level  was  determined  by 
immunoblotting  in  both  the  Ad-vector  and  Ad-FKHR;AAA  infected  cells.  Here,  we  found  that 
the  protein  half-life  was  increased  from  123  minutes  to  329  minutes  in  the  Ad-FKHR;AAA 
infection.  Thus  FKHR; AAA  induces  a  modest  change  in  the  p27  mRNA  level  and  a  significant 
increase  in  the  p27  protein  half-life. 
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Discussion 

Our  data  show  that  localization  and  transcriptional  activity  of  FKHR  is  aberrant  in  PTEN 
null  cells.  Reconstitution  of  wild-type  PTEN,  but  not  lipid  phosphatase  inactive  mutants, 
restores  both  localization  and  transcriptional  activation  of  FKHR  in  these  cells.  While  wild-type 
FKHR  is  relatively  inactive  in  PTEN  null  cells,  a  phosphosite  mutant  of  FKHR  (FKHR;AAA), 
that  is  no  longer  phosphorylated  by  Akt,  can  still  localize  to  the  nucleus  and  activate 
transcription  in  such  cells.  This  mutant  induces  cell  death  in  a  cell  line  susceptible  to  PTEN- 
mediated  cell  death.  Surprisingly,  it  does  not  induce  apoptosis,  but  rather  induces  a  G1  arrest  in 
cells  that  likewise  arrest  with  wild-type  PTEN.  Together  the  data  derived  from  the  cell  death 
assays  and  cell  cycle  arrest  assays  support  the  notion  that  an  intact  and  active  FKHR  protein  is 
capable  of  carrying  out  PTEN  function  in  its  absence.  That  is,  activated  FKHR  compliments  the 
loss  of  PTEN  in  two  different  functional  assays.  These  data  support  the  idea  that  FKHR  is 
sufficient  for  PTEN  function  in  cells.  Finally,  previous  data  have  shown  that  PTEN  null  cells 
have  low  levels  of,p27  and  that  reintroduction  of  PTEN  up  regulates  p27  levels  (34,  65).  We 
find  that  FKHR;AAA  dramatically  induces  p27  levels  in  PTEN  null  cells.  These  data  suggest 
that  the  finding  of  aberrant  p27  levels  in  the  absence  of  PTEN  might  arise  as  a  consequence  of 
the  lack  of  FKHR  function  in  such  cells.  In  keeping  with  these  data,  Medema  et.  al.  recently 
reported  similar  data  which  demonstrated  a  role  for  Forkhead  factors  as  regulators  of  cell-cycle 
progression  and  using  defined  genetic  cells  showed  that  such  regulation  does  indeed  depend 
upon  the  induction  of  p27  (41). 
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The  PI3K/Akt  pathway  is  a  long  known  oncogenic  signaling  pathway  (76).  Cell-survival 
and  cell  proliferation  have  been  linked  to  this  pathway  in  multiple  systems.  For  example,  IL-3 
dependent  cell  lines  require  Akt  for  survival  as  do  cells  in  which  anoikis  is  blocked  by  Ras 
activation  (18,  30,  62).  On  the  other  hand,  expression  of  activated  PI3K  in  the  absence  of  serum 
can  induce  DNA  synthesis  (31).  Furthermore,  PTEN  is  capable  of  inducing  apoptosis  or  a  cell 
cycle  arrest  and  loss  of  PTEN  in  primary  cells  leads  to  either  excessive  proliferation  or  defects  in 
apoptosis.  In  mammalian  cell-based  assays,  a  diverse  group  of  substrates  has  been  linked  to  Akt 
activation.  In  C.elegans,  on  the  other  hand,  the  insulin/PI3K/Akt  signaling  pathway  that 
regulates  aging,  while  conserved  with  mammalian  cells,  has  thus  far  yielded  only  the  forkhead 
homologue,  daf-16  as  a  downstream  target  (47).  It  is  possible  that  the  deregulated  activity  of 
multiple  Akt  substrates  contribute  to  the  neoplastic  properties  inherent  to  a  PTEN  null  tumor 
cell,  and  that  certain  substrates  might  individually  contribute  to  the  regulation  of  apoptosis  and 
cell  proliferation.  Our  data,  however,  support  the  notion  that  the  pathway  linking  PI3K  and 
PTEN  to  transfomiation  of  mammalian  cells  is  essentially  identical  to  the  pathway  regulating 
aging  in  C.elegans  .  This  pathway  is  comprised  of  a  receptor  tyrosine  kinase  such  as  IGF-IR 
(daf-2),  PI3K  ( agel ),  Akt-1  (aktl)  and  Akt-2  (akt2),  PDK-1  ipdkl),  PTEN  (daf-18)  and  the  daf- 
16  homologues  (FKHR,  FKHRL1,  AFX)  (24,  26,  43,  47, 48,  50,  51,  56). 

It  is  interesting  to  note  that  elements  of  this  pathway  that  are  linked  genetically  in 
C.elegans  are  the  same  elements  of  the  pathway  that  have  been  associated  with  genetic 
alterations  in  human  tumors.  The  PI3KCA  gene  is  amplified  in  ovarian  cancer  and  is  the  product 
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of  a  retroviral  oncogene(2,  60).  Akt-1  and  Akt-2  are  amplified  in  a  limited  number  of  tumors, 
and  Akt-1  is  the  cellular  homologue  of  v-akt  (3,  4,  12,  57).  Finally,  PTEN  is  widely  mutated  in 
cancer,  and  FKHR  has  been  the  target  of  translocation  in  rhabdomyosarcoma.  Interestingly,  in 
this  tumor,  two  different  translocations  give  rise  to  fusion  proteins  PAX3-FKHR  or  PAX7- 
FKHR  (17, 23,  59).  Our  data  support  the  notion  that  FKHR  could  act  as  a  tumor  suppressor,  thus 
one  untested  possibility  is  that  these  translocations  might  produce  chimeric  proteins  that  could 
act  in  a  dominant  negative  manner  to  inactivate  FKHR  function. 

The  notion  that  a  transcription  factor  might  induce  a  G1  arrest  or  induce  cell  death  is  not 
new.  Indeed,  this  is  precisely  the  case  for  p53.  The  parallels  between  these  pathways  are 
striking.  p53  receives  signals  that  reflect  the  state  of  the  genome  (DNA  damage),  at  least  in  part, 
from  a  PI3K  family  member  ATM.  This  signal  is  transmitted  perhaps  through  phosphorylation 
of  p53.  p53  can  then  enact  a  G1  arrest  through  transcriptional  regulation  of  p21.  p53  induces 
apoptotic  cell-death  through  both  transcription  dependent  and  independent  mechanisms.  FKHR 
on  the  other  hand  feceives  signals  primarily  from  the  environment  external  to  the  cell.  These 
signals  are  transmitted  through  a  type  I  PI3K  and  result  in  the  phosphorylation  of  FKHR  and  its 
subsequent  inactivation.  In  its  active  state  FKHR,  can  promote  a  G1  arrest  through  the  induction 
of  p27  and  can  induce  apoptosis  perhaps  through  regulation  of  Fas  signaling  or  through 
regulation  of  FasL  itself. 

How  does  FKHR  regulate  p27?  p27  is  primarily  regulated  post-transcriptionally,  both 
through  ubiquitin-mediated  proteolysis  or  through  translation  controls.  There  is  limited 
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information  to  suggest  that  transcriptional  regulation  of  p27  is  important.  Furthermore,  PTEN 
did  not  alter  p27  mRNA  levels  (34).  On  the  other  hand,  Medema  et.  al.  and  have  demonstrated 
activation  of  the  p27  promoter  by  AFX,  and  we  have  shown  that  both  wild-type  PTEN  and  wild- 
type  FKHR,  but  not  mutant  controls,  were  capable  of  inducing  activation  of  the  p27  promoter 
(data  not  shown)(41).  In  addition,  Medema  et.  al.  reported  a  modest  induction  in  p27  mRNA 
levels.  We  have  also  seen  a  modest  1.3-1. 5  fold  induction  in  mRNA  upon  adenoviral  expression 
of  FKHR; AAA  (Fig.  8B)  and  upon  adenoviral  expression  of  PTEN.  In  addition,  however,  the 
p27  protein  half-life  is  also  significantly  prolonged.  Here,  it  is  possible  that  a  modest  increase  in 
p27  levels  induced  through  transcriptional,  might  lead  to  inhibition  of  cyclin-dependent  kinase 
activity,  followed  by  a  subsequent  decrease  in  p27  phosphorylation,  and  then  a  change  in  the  p27 
protein  half-life.  As  this  process  involves  a  catalytic  mechanism,  a  small  change  in  p27  mRNA 
levels  could  lead  to  a  large  difference  in  protein  half-life.  For  example,  increase  in  transcription 
of  p27  could  alter  the  balance  between  the  two  proposed  complexes  of  p27  and  Cyclin  E/cdk2, 
one  inhibitory  and"  one  in  which  p27  is  degraded  (61,  73).  Alternatively,  it  is  possible  that 
FKHR;AAA  directly  alters  or  regulates  components  of  the  p27  degradation  apparatus. 
Specifically,  it  will  be  of  interest  to  know  whether  forkhead  factors  can  alter  levels  of  any  of  the 
components  of  the  SCF  complex. 

The  mechanism  that  underlies  FKHR  induction  of  apoptosis  is  likewise  not  yet  clear. 
FKHRL1  can  regulate  the  FasL  promoter  suggesting  that  these  transcription  factors  might 
directly  regulate  the  levels  of  this  death  effector  (6).  In  keeping  with  this  notion,  PTEN+/-  mice 
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develop  an  autoimmune  lymphoid  hyperplasia  syndrome  that  phenocopies  mutations  in  the 
murine  Fas  gene  (19,  75).  On  the  other  hand,  cells  from  the  PTEN+/-  animals  did  not 
demonstrate  defects  in  FasL  or  Fas,  but  were  rather  defective  in  the  apoptotic  response  to  Fas 
(19).  In  either  case,  it  would  appear  that  PTEN-  and  by  extension  FKHR-mediated  apoptosis 
likely  involves  the  Fas  pathway. 

Finally,  our  data  support  the  notion  that,  as  is  the  case  in  C.elegans,  signaling  pathways 
might  be  more  linear,  at  least  with  respect  to  transformation,  than  is  commonly  suspected.  This 
would  lead  one  to  further  suspect  that  PTEN  null  cells  might  be  particularly  sensitive  to 
inhibitors  directed  against  members  of  this  pathway,  and  if  true  such  dependence  would  bode 
well  for  the  future  success  of  therapeutics  aimed  at  intervening  in  PI3K  signaling. 


Acknowledgements 

This  work  was  supported  by  grants  from  Department  of  Defense  (D AMD  17-98-1-8596), 
NIH  (R01CA85912),  the  Gillette  Women's  Cancer  Program  and  the  CaPCURE  foundation  to 
W.R.S.;  from  the  NIH  (R01CA81755)  to  M.L.  and  from  the  Department  of  Defense  to  F.V. 

The  authors  would  like  to  thank  E.  Tang,  F.  Barr,  K.  Guan,  K.  Polyak  and  B.  Vogelstein 
for  the  generous  gift  of  plasmid  reagents,  Komelia  Polyak  for  assistance  in  adenoviral  production 
and  Myles  Brown,  Bill  Kaelin,  Mark  Ewen,  David  Livingston,  Matt  Meyerson,  Komelia  Polyak 
and  Barrett  Rollins  for  their  critical  review  of  this  manuscript.  W.R.S.  would  also  like  to  thank 
Marianne  Lee  for  her  support. 


26 


Nakamura,  et.  al. 


References 

1.  1997.  Relative  Quantitation  of  Gene  Expression.  User  Bulletin  ABI  PRISIM  7700  Sequence 
Detection  System.  2:  1-35. 

2.  Aoki,  M.,  O.  Batista,  A.  Bellacosa,  P.  Tsichlis  and  P.  K.  Vogt.  1998.  The  akt  kinase: 
molecular  determinants  of  oncogenicity.  Proc  Natl  Acad  Sci  USA.  95:  14950-5. 

3.  Bellacosa,  A.,  D.  de  Feo,  A.  K.  Godwin,  D.  W.  Bell,  J.  Q.  Cheng,  D.  A.  Altomare,  M. 
Wan,  L.  Dubeau,  G.  Scambia,  V.  Masciullo  and  et  al.  1995.  Molecular  alterations  of  the 
AKT2  oncogene  in  ovarian  and  breast  carcinomas.  Int  J  Cancer.  64:  280-5. 

4.  Bellacosa,  A.,  J.  R.  Testa,  S.  P.  Staal  and  P.  N.  Tsichlis.  1991.  A  retroviral  oncogene,  akt, 
encoding  a  serine-threonine  kinase  containing  an  SH2-like  region.  Science.  254:  274-7. 

5.  Biggs,  W.  H.,  3rd,  J.  Meisenhelder,  T.  Hunter,  W.  K.  Cavenee  and  K.  C.  Arden.  1999. 
Protein  kinase  B/Akt-mediated  phosphorylation  promotes  nuclear  exclusion  of  the  winged  helix 
transcription  factor’FKHRl.  Proc  Natl  Acad  Sci  USA.  96:  7421-6. 

6.  Brunet,  A.,  A.  Bonni,  M.  J.  Zigmond,  M.  Z.  Lin,  P.  Juo,  L.  S.  Hu,  M.  J.  Anderson,  K.  C. 
Arden,  J.  Blenis  and  M.  E.  Greenberg.  1999.  Akt  promotes  cell  survival  by  phosphorylating 
and  inhibiting  a  Forkhead  transcription  factor.  Cell.  96:  857-68. 

7.  Cairns,  P.,  K.  Okami,  S.  Halachmi,  N.  Halachmi,  M.  Esteller,  J.  G.  Herman,  J.  Jen,  W. 
B.  Isaacs,  G.  S.  Bova  and  D.  Sidransky.  1997.  Frequent  inactivation  of  PTEN/MMAC1  in 
primary  prostate  cancer.  Cancer  Res.  57:  4997-5000. 


27 


Nakamura,  et.  al. 


8.  Cantley,  L.  C.  and  B.  G.  Neel.  1999.  New  insights  into  tumor  suppression:  PTEN  suppresses 
tumor  formation  by  restraining  the  phosphoinositide  3-kinase/AKT  pathway.  Proc  Natl  Acad  Sci 
USA.  96:  4240-5. 

9.  Cardone,  M.  H.,  N.  Roy,  H.  R.  Stennicke,  G.  S.  Salvesen,  T.  F.  Franke,  E.  Stanbridge,  S. 
Frisch  and  J.  C.  Reed.  1998.  Regulation  of  cell  death  protease  caspase-9  by  phosphorylation. 
Science.  282:  1318-21. 

10.  Carson,  J.  P.,  G.  Kulik  and  M.  J.  Weber.  1999.  Antiapoptotic  signaling  in  LNCaP  prostate 
cancer  cells:  a  survival  signaling  pathway  independent  of  phosphatidylinositol  3'-kinase  and 
Akt/protein  kinase  B.  Cancer  Res.  59:  1449-53. 

11.  Chen,  C.  and  H.  Okayama.  1987.  High-efficiency  transformation  of  mammalian  cells  by 
plasmid  DNA.  Mol.  Cell.  Biol.  7:  2745  -  2752. 

12.  Cheng,  J.  Q.,  B.  Ruggeri,  W.  M.  Klein,  G.  Sonoda,  D.  A.  Altomare,  D.  K.  Watson  and 
J.  R.  Testa.  1996.  Amplification  of  AKT2  in  human  pancreatic  cells  and  inhibition  of  AKT2 
expression  and  tumorigenicity  by  antisense  RNA.  Proc  Natl  Acad  Sci  USA.  93:  3636-41. 

13.  Cross,  D.  A.,  D.  R.  Alessi,  P.  Cohen,  M.  Andjelkovich  and  B.  A.  Hemmings.  1995. 
Inhibition  of  glycogen  synthase  kinase-3  by  insulin  mediated  by  protein  kinase  B.  Nature.  378: 
785-9. 

14.  Datta,  S.  R.,  H.  Dudek,  X.  Tao,  S.  Masters,  H.  Fu,  Y.  Gotoh  and  M.  E.  Greenberg. 

1997.  Akt  phosphorylation  of  BAD  couples  survival  signals  to  the  cell-  intrinsic  death 
machinery.  Cell.  91:  231-41. 


28 


Nakamura,  et.  al. 


15.  Davies,  M.  A.,  D.  Koul,  H.  Dhesi,  R.  Berman,  T.  J.  McDonnell,  D.  McConkey,  W.  K. 
Yung  and  P.  A.  Steck.  1999.  Regulation  of  Akt/PKB  activity,  cellular  growth,  and  apoptosis  in 
prostate  carcinoma  cells  by  MMAC/PTEN.  Cancer  Res.  59:  2551-6. 

16.  Davies,  M.  A.,  Y.  Lu,  T.  Sano,  X.  Fang,  P.  Tang,  R.  LaPushin,  D.  Koul,  R.  Bookstein, 

D.  Stokoe,  W.  K.  Yung,  G.  B.  Mills  and  P.  A.  Steck.  1998.  Adenoviral  transgene  expression  of 
MMAC/PTEN  in  human  glioma  cells  inhibits  Akt  activation  and  induces  anoikis.  Cancer  Res. 

58:  5285-90. 

17.  Davis,  R.  J.,  C.  M.  D'Cruz,  M.  A.  Lovell,  J.  A.  Biegel  and  F.  G.  Barr.  1994.  Fusion  of 
PAX7  to  FKHR  by  the  variant  t(l;13)(p36;ql4)  translocation  in  alveolar  rhabdomyosarcoma. 
Cancer  Res.  54:  2869-72. 

18.  del  Peso,  L.,  M.  Gonzalez-Garcia,  C.  Page,  R.  Herrera  and  G.  Nunez.  1997.  Interleukin- 
3-induced  phosphorylation  of  BAD  through  the  protein  kinase  Akt.  Science.  278:  687-9. 

19.  Di  Cristofano,  A.,  P.  Kotsi,  Y.  F.  Peng,  C.  Cordon-Cardo,  K.  B.  Elkon  and  P.  P. 
Pandolfi.  1999.  Impaired  fas  response  and  autoimmunity  in  Pten(+/-)  mice.  Science.  285:  2122- 
5. 

20.  Di  Cristofano,  A.,  B.  Pesce,  C.  Cordon-Cardo  and  P.  P.  Pandolfi.  1998.  Pten  is  essential 
for  embryonic  development  and  tumour  suppression.  Nat  Genet.  19:  348-55. 

21.  Fink,  L.,  W.  Seeger,  L.  Ermert,  J.  Hanze,  U.  Stahl,  F.  Grimminger,  W.  Kummer  and  R. 
M.  Bohle.  1998.  Real-time  quantitative  RT-PCR  after  laser-assisted  cell  picking.  Nat  Med.  4: 
1329-33. 


29 


Nakamura,  et.  al. 


22.  Furnari,  F.  B.,  H.  J.  Huang  and  W.  K.  Cavenee.  1998.  The  phosphoinositol  phosphatase 
activity  of  PTEN  mediates  a  serum-  sensitive  G1  growth  arrest  in  glioma  cells.  Cancer  Res.  58: 
5002-8. 

23.  Galili,  N.,  R.  J.  Davis,  W.  J.  Fredericks,  S.  Mukhopadhyay,  F.  J.  d.  Rauscher,  B.  S. 
Emanuel,  G.  Rovera  and  F.  G.  Barr.  1993.  Fusion  of  a  fork  head  domain  gene  to  PAX3  in  the 
solid  tumour  alveolar  rhabdomyosarcoma.  Nat  Genet.  5:  230-5. 

24.  Gil,  E.  B.,  E.  Malone  Link,  L.  X.  Liu,  C.  D.  Johnson  and  J.  A.  Lees.  1999.  Regulation  of 
the  insulin-like  developmental  pathway  of  Caenorhabditis  elegans  by  a  homolog  of  the  PTEN 
tumor  suppressor  gene.  Proc  Natl  Acad  Sci  USA.  96:  2925-2930. 

25.  Gingras,  A.  C.,  S.  G.  Kennedy,  M.  A.  O'Leary,  N.  Sonenberg  and  N.  Hay.  1998.  4E- 
BP1,  a  repressor  of  mRNA  translation,  is  phosphorylated  and  inactivated  by  the  Akt(PKB) 
signaling  pathway.  Genes  Dev.  12:  502-13. 

26.  Gottlieb,  S.  and  G.  Ruvkun.  1994.  daf-2,  daf-16  and  daf-23:  genetically  interacting  genes 
controlling  Dauer  formation  in  Caenorhabditis  elegans.  Genetics.  137:  107-20. 

27.  Guldberg,  P.,  P.  thor  Straten,  A.  Birck,  V.  Ahrenkiel,  A.  F.  Kirkin  and  J.  Zeuthen. 
1997.  Disruption  of  the  MMAC  1/PTEN  gene  by  deletion  or  mutation  is  a  frequent  event  in 
malignant  melanoma.  Cancer  Res.  57:  3660-3. 

28.  Guo,  S.,  G.  Rena,  S.  Cichy,  X.  He,  P.  Cohen  and  T.  Unterman.  1999.  Phosphorylation  of 
serine  256  by  protein  kinase  B  disrupts  transactivation  by  FKHR  and  mediates  effects  of  insulin 


30 


Nakamura,  et.  al. 


on  insulin-like  growth  factor-binding  protein- 1  promoter  activity  through  a  conserved  insulin 
response  sequence.  J  Biol  Chem.  274:  17184-92. 

29.  He,  T.  C.,  S.  Zhou,  L.  T.  da  Costa,  J.  Yu,  K.  W.  Kinzler  and  B.  Vogelstein.  1998.  A 
simplified  system  for  generating  recombinant  adenoviruses.  Proc  Natl  Acad  Sci  USA.  95: 
2509-14. 

30.  Khwaja,  A.,  P.  Rodriguez-Viciana,  S.  Wennstrom,  P.  H.  Warne  and  J.  Downward. 

1997.  Matrix  adhesion  and  Ras  transformation  both  activate  a  phosphoinositide  3-OH  kinase  and 
protein  kinase  B/Akt  cellular  survival  pathway.  Embo  J.  16:  2783-93. 

31.  Klippel,  A.,  M.  A.  Escobedo,  M.  S.  Wachowicz,  G.  Apell,  T.  W.  Brown,  M.  A.  Giedlin, 
W.  M.  Kavanaugh  and  L.  T.  Williams.  1998.  Activation  of  phosphatidylinositol  3-kinase  is 
sufficient  for  cell  cycle  entry  and  promotes  cellular  changes  characteristic  of  oncogenic 
transformation.  Mol  Cell  Biol.  18:  5699-711. 

32.  Kops,  G.  J.,  N.  D.  de  Ruiter,  A.  M.  De  Vries-Smits,  D.  R.  Powell,  J.  L.  Bos  and  B.  M. 
Burgering.  1999.  Direct  control  of  the  Forkhead  transcription  factor  AFX  by  protein  kinase  B. 
Nature.  398:  630-4. 

33.  Lee,  J.  O.,  H.  Yang,  M.  M.  Georgescu,  A.  Di  Cristofano,  T.  Maehama,  Y.  Shi,  J.  E. 
Dixon,  P.  Pandolfi  and  N.  P.  Pavletich.  1999.  Crystal  structure  of  the  PTEN  tumor  suppressor: 
implications  for  its  phosphoinositide  phosphatase  activity  and  membrane  association.  Cell.  99: 
323-34. 


31 


Nakamura,  et.  al. 


34.  Li,  D.  and  H.  Sun.  1998.  PTEN/MMAC1/TEP1  suppresses  the  tumorigenicity  and  induces 
G1  cell  cycle  arrest  in  human  glioblastoma  cells.  Proc  Natl  Acad  Sci  USA.  95:  15406-15411. 

35.  Li,  D.  M.  and  H.  Sun.  1997.  TEP1,  encoded  by  a  candidate  tumor  suppressor  locus,  is  a 
novel  protein  tyrosine  phosphatase  regulated  by  transforming  growth  factor  beta.  Cancer  Res. 

57:  2124-9. 

36.  Li,  J.,  L.  Simpson,  M.  Takahashi,  C.  Miliaresis,  M.  P.  Myers,  N.  Tonks  and  R.  Parsons. 

1998.  The  PTEN/MMAC1  tumor  suppressor  induces  cell  death  that  is  rescued  by  the 
AKT/protein  kinase  B  oncogene.  Cancer  Res.  58:  5667-72. 

37.  Li,  J.,  C.  Yen,  D.  Liaw,  K.  Podsypanina,  S.  Bose,  S.  I.  Wang,  J.  Puc,  C.  Miliaresis,  L. 
Rodgers,  R.  McCombie,  S.  H.  Bigner,  B.  C.  Giovanella,  M.  Ittmann,  B.  Tycko,  H. 
Hibshoosh,  M.  H.  Wigler  and  R.  Parsons.  1997.  PTEN,  a  putative  protein  tyrosine  phosphatase 
gene  mutated  in  human  brain,  breast,  and  prostate  cancer.  Science.  275:  1943-7. 

38.  Liaw,  D.,  D.  J.  Marsh,  J.  Li,  P.  L.  Dahia,  S.  I.  Wang,  Z.  Zheng,  S.  Bose,  K.  M.  Call,  H. 
C.  Tsou,  M.  Peacocke,  C.  Eng  and  R.  Parsons.  1997.  Germline  mutations  of  the  PTEN  gene  in 
Cowden  disease,  an  inherited  breast  and  thyroid  cancer  syndrome.  Nat  Genet.  16:  64-7. 

39.  Liu,  W.,  C.  D.  James,  L.  Frederick,  B.  E.  Alderete  and  R.  B.  Jenkins.  1997. 
PTEN/MMAC1  mutations  and  EGFR  amplification  in  glioblastomas.  Cancer  Res.  57:  5254-7. 

40.  Maehama,  T.  and  J.  E.  Dixon.  1998.  The  tumor  suppressor,  PTEN/MMAC1, 
dephosphorylates  the  lipid  second  messenger,  Phosphatidylinositol  3,4,5-Triphosphate.  J  Biol 
Chem.  273:  13375-13378. 


32 


Nakamura,  et.  al. 


41.  Medema,  R.  H.,  G.  J.  P.  Kops,  J.  L.  Bos  and  B.  M.  T.  Burgering.  2000.  AFX-like 
Forkhead  transcription  factors  mediate  cell-cycle  regulation  by  Ras  and  PKB  through  p27KiP1. 
Nature.  404:  782-787. 

42.  Michell,  B.  J.,  J.  E.  Griffiths,  K.  I.  Mitchelhill,  I.  Rodriguez-Crespo,  T.  Tiganis,  S. 
Bozinovski,  P.  R.  de  Montellano,  B.  E.  Kemp  and  R.  B.  Pearson.  1999.  The  Akt  kinase 
signals  directly  to  endothelial  nitric  oxide  synthase.  Curr  Biol.  12:  845-848. 

43.  Mihaylova,  V.  T.,  C.  Z.  Borland,  L.  Manjarrez,  M.  J.  Stern  and  H.  Sun.  1999.  The 
PTEN  tumor  suppressor  homolog  in  Caenorhabditis  elegans  regulates  longevity  and  dauer 
formation  in  an  insulin  receptor-like  signaling  pathway.  Proc  Natl  Acad  Sci  USA.  96:  7427-32. 

44.  Myers,  M.  P.,  I.  Pass,  I.  H.  Batty,  J.  Van  der  Kaay,  J.  P.  Stolarov,  B.  A.  Hemmings,  M. 
H.  Wigler,  C.  P.  Downes  and  N.  K.  Tonks.  1998.  The  lipid  phosphatase  activity  of  PTEN  is 
critical  for  its  tumor  supressor  function.  Proc  Natl  Acad  Sci  USA.  95:  13513-8. 

45.  Myers,  M.  P.,  J.  P.  Stolarov,  C.  Eng,  J.  Li,  S.  I.  Wang,  M.  H.  Wigler,  R.  Parsons  and  N. 
K.  Tonks.  1997.  P-TEN,  the  tumor  suppressor  from  human  chromosome  10q23,  is  a  dual¬ 
specificity  phosphatase.  Proc  Natl  Acad  Sci  USA.  94:  9052-7. 

46.  Nelen,  M.  R.,  W.  C.  van  Staveren,  E.  A.  Peeters,  M.  B.  Hassel,  R.  J.  Gorlin,  H.  Hamm, 
C.  F.  Lindboe,  J.  P.  Fryns,  R.  H.  Sijmons,  D.  G.  Woods,  E.  C.  Mariman,  G.  W.  Padberg 
and  H.  Kremer.  1997.  Germline  mutations  in  the  PTEN/MMAC1  gene  in  patients  with  Cowden 
disease.  Hum  Mol  Genet.  6:  1383-7. 


33 


Nakamura,  et.  al. 


47.  Ogg,  S.,  S.  Paradis,  S.  Gottlieb,  G.  I.  Patterson,  L.  Lee,  H.  A.  Tissenbaum  and  G. 
Ruvkun.  1997.  The  Fork  head  transcription  factor  DAF-16  transduces  insulin-like  metabolic  and 
longevity  signals  in  C.  elegans.  Nature.  389:  994-9. 

48.  Ogg,  S.  and  G.  Ruvkun.  1998.  The  C.  elegans  PTEN  homolog,  DAF-18,  acts  in  the  insulin 
receptor-like  metabolic  signaling  pathway.  Mol  Cell.  2:  887-93. 

49.  Ozes,  O.  N.,  L.  D.  Mayo,  J.  A.  Gustin,  S.  R.  Pfeffer,  L.  M.  Pfeffer  and  D.  B.  Donner. 

1999.  NF-KappaB  activation  by  tumor  necrosis  factor  requires  the  Akt  serine-threonine  kinase. 
Nature.  401:  82-85. 

50.  Paradis,  S.,  M.  Ailion,  A.  Toker,  J.  H.  Thomas  and  G.  Ruvkun.  1999.  A  PDK1  homolog 
is  necessary  and  sufficient  to  transduce  AGE-1  PI3  kinase  signals  that  regulate  diapause  in 
Caenorhabditis  elegans.  Genes  Dev.  13:  1438-52. 

51.  Paradis,  S.  and  G.  Ruvkun.  1998.  Caenorhabditis  elegans  Akt/PKB  transduces  insulin 
receptor-like  signals  from  AGE-1  PI3  kinase  to  the  DAF-16  transcription  factor.  Genes  Dev.  12: 
2488-98. 

52.  Pear,  W.  S.,  G.  P.  Nolan,  M.  L.  Scott  and  D.  Baltimore.  1993.  Production  of  high-titer 
helper-free  retroviruses  by  transient  transfection.  Proc  Natl  Acad  Sci  USA.  90:  8392-6. 

53.  Podsypanina,  K.,  L.  H.  Ellenson,  A.  Nemes,  J.  Gu,  M.  Tamura,  K.  M.  Yamada,  C. 
Cordon-Cardo,  G.  Catoretti,  P.  E.  Fisher  and  R.  Parsons.  1999.  Mutation  of  Pten/Mmacl  in 
mice  causes  neoplasia  in  multiple  organ  systems  [In  Process  Citation].  Proc  Natl  Acad  Sci  U  S 
A.  96:  1563-8. 


34 


Nakamura,  et.  al. 


54.  Ramaswamy,  S.,  N.  Nakamura,  F.  Vazquez,  D.  B.  Batt,  S.  Perera,  T.  M.  Roberts  and 
W.  R.  Sellers.  1999.  Regulation  of  G1  progression  by  the  PTEN  tumor  suppressor  protein  is 
linked  to  inhibition  of  the  phosphatidylinositol  3-kinase/Akt  pathway.  Proc  Natl  Acad  Sci  USA. 
96:  2110-2115. 

55.  Risinger,  J.  I.,  A.  K.  Hayes,  A.  Berchuck  and  J.  C.  Barrett.  1997.  PTEN/MM  AC  1 
mutations  in  endometrial  cancers.  Cancer  Res.  57:  4736-8. 

56.  Rouault,  J.  P.,  P.  E.  Kuwabara,  O.  M.  Sinilnikova,  L.  Duret,  D.  Thierry-Mieg  and  M. 

Billaud.  1999.  Regulation  of  dauer  larva  development  in  Caenorhabditis  elegans  by  daf-  18,  a 
homologue  of  the  tumour  suppressor  PTEN.  Curr  Biol.  9:  329-32. 

57.  Ruggeri,  B.  A.,  L.  Huang,  M.  Wood,  J.  Q.  Cheng  and  J.  R.  Testa.  1998.  Amplification 
and  overexpression  of  the  AKT2  oncogene  in  a  subset  of  human  pancreatic  ductal 
adenocarcinomas.  Mol  Carcinog.  21:  81-6. 

58.  Sellers,  W.  R.,  B.  G.  Novitch,  S.  Miyake,  A.  Heith,  G.  A.  Otterson,  F.  J.  Kaye,  A.  B. 
Lassar  and  W.  G.  Kaelin,  Jr.  1998.  Stable  binding  to  E2F  is  not  required  for  the  retinoblastoma 
protein  to  activate  transcription,  promote  differentiation,  and  suppress  tumor  cell  growth.  Genes 
&  Development.  12:  95-106. 

59.  Shapiro,  D.  N.,  J.  E.  Sublett,  B.  Li,  J.  R.  Downing  and  C.  W.  Naeve.  1993.  Fusion  of 
PAX3  to  a  member  of  the  forkhead  family  of  transcription  factors  in  human  alveolar 
rhabdomyosarcoma.  Cancer  Res.  53:  5108-12. 


35 


Nakamura,  et.  al. 


60.  Shayesteh,  L.,  Y.  Lu,  W.  L.  Kuo,  R.  Baldocchi,  T.  Godfrey,  C.  Collins,  D.  Pinkel,  B. 
Powell,  G.  B,  Mills  and  J.  W.  Gray.  1999.  PIK3CA  is  implicated  as  an  oncogene  in  ovarian 
cancer.  Nat  Genet.  21:  99-102. 

61.  Sheaff,  R.  J.,  M.  Groudine,  M.  Gordon,  J.  M.  Roberts  and  B.  E.  Clurman.  1997.  Cyclin 
E-CDK2  is  a  regulator  of  p27Kipl.  Genes  Dev.  11:  1464-78. 

62.  Songyang,  Z.,  D.  Baltimore,  L.  C.  Cantley,  D.  R.  Kaplan  and  T.  F.  Franke.  1997. 
Interleukin  3-dependent  survival  by  the  Akt  protein  kinase.  Proc  Natl  Acad  Sci  USA.  94: 
11345-50. 

63.  Stambolic,  V.,  A.  Suzuki,  J.  L.  de  la  Pompa,  G.  M.  Brothers,  C.  Mirtsos,  T.  Sasaki,  J. 
Ruland,  J.  M.  Penninger,  D.  P.  Siderovski  and  T.  W.  Mak.  1998.  Negative  regulation  of 
PKB/Akt-dependent  cell  survival  by  the  tumor  suppressor  PTEN.  Cell.  95:  29-39. 

64.  Steck,  P.  A.,  M.  A.  Pershouse,  S.  A.  Jasser,  W.  K.  Yung,  H.  Lin,  A.  H.  Ligon,  L.  A. 
Langford,  M.  L.  Baumgard,  T.  Hattier,  T.  Davis,  C.  Frye,  R.  Hu,  B.  Swedlund,  D.  H.  Teng 
and  S.  V.  Tavtigian.  1997.  Identification  of  a  candidate  tumour  suppressor  gene,  MMAC1,  at 
chromosome  10q23.3  that  is  mutated  in  multiple  advanced  cancers.  Nat  Genet.  15:  356-62. 

65.  Sun,  H.,  R.  Lesche,  D.  M.  Li,  J.  Liliental,  H.  Zhang,  J.  Gao,  N.  Gavrilova,  B.  Mueller, 

X.  Liu  and  H.  Wu.  1999.  PTEN  modulates  cell  cycle  progression  and  cell  survival  by  regulating 
phosphatidylinositol  3,4,5,-trisphosphate  and  Akt/protein  kinase  B  signaling  pathway.  Proc  Natl 
Acad  Sci  USA.  96:  6199-6204. 


36 


Nakamura,  et.  al. 


66.  Tamura,  M.,  J.  Gu,  K.  Matsumoto,  S.  Aota,  R.  Parsons  and  K.  M.  Yamada.  1998. 
Inhibition  of  cell  migration,  spreading,  and  focal  adhesion  by  tumor  suppressor  PTEN.  Science. 
280:  1614-1617. 

67.  Tang,  E.  D.,  G.  Nunez,  F.  G.  Barr  and  K.  L.  Guan.  1999.  Negative  regulation  of  the 
forkhead  transcription  factor  FKHR  by  Akt.  J  Biol  Chem.  274:  16741-6. 

68.  Tashiro,  H.,  M.  S.  Blazes,  R.  Wu,  K.  R.  Cho,  S.  Bose,  S.  I.  Wang,  J.  Li,  R.  Parsons  and 
L.  H.  Ellenson.  1997.  Mutations  in  PTEN  are  frequent  in  endometrial  carcinoma  but  rare  in 
other  common  gynecological  malignancies.  Cancer  Res.  57:  3935-40. 

69.  Tedder,  T.  F.  and  C.  M.  Isaacs.  1989.  Isolation  of  cDNAs  Encoding  the  CD  19  Antigen  of 
Human  and  Mouse  B  Lymphocytes.  J.  Immunology.  143:  712-717. 

70.  Teng,  D.  H.,  R.  Hu,  H.  Lin,  T.  Davis,  D.  Iliev,  C.  Frye,  B.  Swedlund,  K.  L.  Hansen,  V. 

L.  Vinson,  K.  L.  Gumpper,  L.  Ellis,  A.  El-Naggar,  M.  Frazier,  S.  Jasser,  L.  A.  Langford,  J. 
Lee,  G.  B.  Mills,  M.  A.  Pershouse,  R.  E.  Pollack,  C.  Tornos,  P.  Troncoso,  W.  K.  Yung,  G. 
Fujii,  A.  Berson  and  P.  A.  Steck.  1997.  MMAC  1/PTEN  mutations  in  primary  tumor  specimens 
and  tumor  cell  lines.  Cancer  Res.  57:  5221-5. 

71.  Vazquez,  F.,  S.  Ramaswamy,  N.  Nakamura  and  W.  R.  Sellers.  2000.  Phosphorylation  of 
the  PTEN  tail  regulates  protein  stability  and  function.  Mol  Cell  Biol.  20:  5010-8. 

72.  Vazquez,  F.  and  W.  R.  Sellers.  2000.  The  PTEN  tumor  suppressor  protein:  an  antagonist  of 
phosphoinositide  3-  kinase  signaling.  Biochim  Biophys  Acta.  1470:  M21-35. 


37 


Nakamura,  et.  al. 


73.  Vlach,  J.,  S.  Hennecke  and  B.  Amati.  1997.  Phosphorylation-dependent  degradation  of  the 
cyclin-dependent  kinase  inhibitor  p27.  Embo  J.  16:  5334-44. 

74.  Wang,  S.  I.,  J.  Puc,  J.  Li,  J.  N.  Bruce,  P.  Cairns,  D.  Sidransky  and  R.  Parsons.  1997. 
Somatic  mutations  of  PTEN  in  glioblastoma  multiforme.  Cancer  Res.  57:  4183-6. 

75.  Watanabe-Fukunaga,  R.,  C.  I.  Brannan,  N.  G.  Copeland,  N.  A.  Jenkins  and  S.  Nagata. 

1992.  Lymphoproliferation  disorder  in  mice  explained  by  defects  in  Fas  antigen  that  mediates 
apoptosis.  Nature.  356:  314-7. 

76.  Whitman,  M.,  D.  R.  Kaplan,  B.  Schaffhausen,  L.  Cantley  and  T.  M.  Roberts.  1985. 
Association  of  phosphatidylinositol  kinase  activity  with  polyoma  middle-  T  competent  for 
transformation.  Nature.  315:  239-42. 


38 


Nakamura,  et.  al. 


Figure  Legends 

Fig.  1.  Immunoblot  detection  of  Akt  substrates  in  PTEN  null  cells 

Whole  cell  extracts  were  prepared  from  the  indicated  serum-starved  or  serum-stimulated 

cells  and  separated  by  gel  electrophoresis.  Separated  proteins  were  transferred  to  nitrocellulose. 
Membranes  were  incubated  with  the  indicated  immune  reagents  and  bound  antibody  was 
detected  by  enhanced  chemiluminescence.  For  GSK-3  serum  stimulation  was  carried  out  for  10 
min,  while  in  the  remaining  blots,  cells  were  stimulated  for  90  min.  In  certain  instances  the  lane 
order  was  change  for  the  purpose  of  clarity. 

Fig.  2.  FKHR  is  mislocalized  in  PTEN  null  cells 

(A)  Fluorescence  microscopy  of  GFP-FKHR  in  PTEN  plus  and  PTEN  null  cells. 

The  indicated  cells  were  transiently  transfected,  as  described  in  the  methods,  with  a  plasmid 
encoding  GFP-FKHR  or  GFP-FKHR(AAA).  Twenty-four  h  after  transfection,  GFP-FKHR  was 
detected  by  fluorescence  microscopy  in  living  cells. 

(B)  Quantification  of  the  results  obtained  with  GFP-FKHR  as  shown  in  A.  The  percentage  of 
cells  with  nuclear  localization  of  GFP-FKHR  was  determined  by  manual  counting  of  GFP 
positive  nuclei.  Data  shown  are  the  mean  and  standard  error  of  duplicate  experiments  and  are 
representative  of  two  independent  experiments. 

(C)  Localization  of  FKHRL1  in  786-0  cells  and  ACHN  cells. 
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786-0  and  ACHN  cells  were  fractionated  into  cytoplasmic  and  nuclear  compartments  by 
hypotonic  lysis  and  dounce  homogenization.  Equivalent  cell  fractions  were  loaded  on  the  gel 
and  immunoblotted  with  anti-FKHRLl,  anti-8-tubulin  and  anti-pRB  antibodies  as  indicated. 

Fig.  3.  Reconstitution  of  PTEN  re-Iocalizes  GFP-FKHR  to  the  nucleus 

(A)  The  cellular  localization  of  GFP-FKHR  in  786-0  and  LNCaP  cells.  786-0  cells  were 

transiently  transfected  with  pCDN A3 -GFP-FKHR  along  with  pSG5L  or  pSG5L-PTEN,  or 
plasmids  encoding  the  indicated  mutant  derivatives.  Similarly,  LNCaP  cells  were  transiently  co¬ 
transfected  with  pCDNA3-GFP-FKHR,  or  GFP-FKHR;H215R  along  with  pSG5L  plasmid 
encoding  the  indicated  PTEN  cDNAs.  Twenty-four  h  after  transfection,  GFP-FKHR  was 
detected  by  fluorescence  microscopy  in  living  cells. 

(B)  Quantitation  of  the  results  from  panel  A  (left).  The  percentage  of  cells  with  nuclear  GFP- 
FKHR  was  determined  as  in  Fig.  2B.  The  mean  and  standard  error  for  experimental  duplicates  is 
shown  and  the  results  obtained  are  representative  of  the  results  obtained  in  three  independent 
experiments 

(C)  Quantification  of  the  results  from  panel  A  (middle).  Data  is  shown  as  in  B. 

(D)  Quantification  of  the  results  from  panel  A  (right).  Data  is  shown  as  in  B. 

Fig.  4.  FKHR-dependent  transcriptional  activation  is  defective  in  PTEN  null  cells 

(A  and  B)  FKHR  transactivates  the  3xIRS  promoter  in  ACHN  and  U2-0S  cells. 

ACHN  and  U2-0S  cells  were  transiently  co-transfected  with  a  3xIRS-luciferase  reporter 
plasmids  along  with  either  pCDNA3  vector,  or  with  the  indicated  amounts  of  pCDNA3-Flag- 
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FKHR.  In  each  transfection  a  constant  amount  of  pCMX-BGal  plasmid  was  included.  Thirty-six 
h  after  transfection  luciferase  activity  was  determined  as  described  in  the  methods.  Fold 
activation  was  calculated  by  normalizing  the  measured  light  units  by  the  measured  13- 
galactosidase  activity  and  then  normalizing  to  the  activity  of  the  3xIRS-promoter  luciferase 
construct  when  transfected  with  vector  alone.  Data  shown  is  the  mean  and  standard  error  of 
independent  duplicate  experiments  and  is  representative  of  three  independent  experiments. 

(C  and  D)  FKHR  fails  to  activate  transcription  in  786-0  and  LNCaP  cells. 

786-0  and  LNCaP  cells  were  transiently  co-transfected  with  a  3xIRS-luciferase  reporter  plasmid 
and  either  vector  or  pCDNA3-Flag-FKHR  as  in  A  and  B.  Data  is  shown  as  for  panels  A  and  B. 
Fig.  5.  Reconstitution  of  PTEN  restores  FKHR  transcriptional  activation 

(A  and  B)  Wild-type  PTEN  and  PTEN;l-353  restore  transcriptional  activation  of  FKHR  in  786- 
O  cells.  786-0  cells  were  transiently  co-transfected  with  either  the  FasL  promoter-luciferase 
reporter  plasmid  (A)  or  the  3xIRS  promoter-luciferase  reporter  plasmid  along  with  plasmids 
encoding  the  indicate  proteins.  Data  is  shown  as  in  Fig.  4A. 

(C  and  D)  Wild-type  PTEN,  but  not  PTEN;G129R  rescues  dose-dependent  FKHR 
transactivation.  786-0  cells  were  co-transfected  with  either  the  FasL  promoter-luciferase 
reporter  plasmid  (C)  or  the  3xIRS  promoter  luciferase  plasmid  along  with  plasmids  encoding  the 
indicated  proteins.  Data  is  shown  as  for  Fig.  4A. 
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Fig.  6.  FKHR  induces  cell  death  in  PTEN  null  LNCaP,  but  not  PTEN  null  786-0  cells. 

(A)  786-0  and  LNCaP  cells  were  infected  with  retroviruses  directing  the  expression  of  the 

indicated  proteins.  Infected  cells  were  then  grown  in  the  presence  of  puromycin  and  viable  cells 
were  photographed  by  light  microscopy  after  4  days  of  selection  (100X). 

(B)  Protein  expression  in  puromycin  resistant  populations  of  786-0  cells.  Whole  cell  extracts 
were  prepared  from  puromycin  resistant  786-0  cells  infected  as  in  A  and  immunoblotted  with 
either  anti-PTEN  or  anti-HA  antibodies. 

(C  and  D)  MTS  assays  were  performed,  as  described  in  the  methods,  to  quantify  the  results 
shown  in  A.  In  order  to  normalize  the  results  between  the  two  cell  lines,  cell  viability  is 
expressed  as  a  percentage  of  the  vector  controls.  The  data  shown  is  the  mean  and  standard  error 
of  independent  duplicates  and  is  representative  of  two  independent  infections. 

Fig.  7.  FKHR  induces  a  G1  arrest  in  PTEN  null  786-0  cells 

(A)  FKHR;AAA  induces  a  G1  arrest  in  PTEN  null  786-0  cells.  786-0  cells  were  transiently 
transfected  with  pOD19  and  plasmids  directing  the  expression  of  the  indicated  proteins.  Forty- 
eight  h  after  transfection  the  cell-cycle  distribution  of  the  transfected  cells  was  determined  by 
combined  FITC-anti-CD19  and  propidium  iodide  staining.  The  data  shown  are  the  mean  and 
standard  error  of  replicates  and  are  representative  of  two  independent  experiments. 

(B)  PTEN  cooperates  with  FKHR  to  induce  a  cell-cycle  arrest.  786-0  cells  were  transfected 
with  pCD19  and  plasmids  directing  the  expression  of  the  indicated  proteins.  The  data  shown  are 
as  in  panel  A. 
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(C)  PTEN  and  FKHR;AAA  induce  p27  in  786-0  cells.  786-0  cells  were  transiently  transfected 
with  a  plasmid  encoding  the  cell-surface  marker  CD19,  along  with  either  vector  plasmid,  or 
plasmids  encoding  the  indicated  proteins.  Thirty-six  h  after  transfection,  cells  were  harvested  by 
trypsinization,  and  collected  on  anti-CD19  coated  magnetic  beads.  Seventy-five  pg  of  whole  cell 
extracts,  derived  from  the  isolated  cells,  were  separated  by  gel-electrophoresis  and 
immunoblotted  with  the  indicated  antibody  reagents. 

(D)  FKHR;AAA  induces  p27,  but  does  not  induce  p21.  786-0  cells  were  infected  with 
retroviruses  encoding  the  indicated  proteins  and  selected  with  puromycin.  Following  selection 
protein  extracts  were  prepared  and  immunoblotted  with  the  indicated  antibody  reagents. 

Fig.  8.  FKHR;AAA  induces  p27  mRNA  and  prolongs  the  p27  protein  half-life. 

(A)  FKHR;AAA  induces  p27  in  786-0,  but  not  LNCaP  cells.  786-0  and  LNCaP  cells  were 

infected  with  either  Ad-vector  or  Ad-FKHR;AAA  as  indicated.  Thirty-six  h  after  infection, 
protein  extracts  were  prepared  and  immunoblotted  with  the  indicated  antibody  reagents. 

(B)  FKHR;AAA  induces  p27  mRNA  in  786-0  cells.  786-0  cells  were  infected  with  Ad-vector 

* 

or  Ad-FKHR;AAA  as  indicated.  24  h  after  infection  cells  were  harvested,  and  mRNA  was 
harvested  and  protein  extracts  were  prepared  from  duplicate  plates.  p27  mRNA  was  measured 
by  real-time  quantitative  PCR  using  a  ABI  PRISM  7700  Sequence  Detector  as  described  in  the 
methods.  Each  sample  was  assayed  in  triplicate  for  both  p27  mRNA  and  GAPDH  mRNA.  Fold 
induction  of  mRNA  indicates  the  p27/GAPDH  ratio  of  each  sample  normalized  to  the  ratio 
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obtained  with  Ad-vector.  The  data  obtained  from  two  independent  infections  performed  on 
separate  days  are  shown. 

(C)  FKHR;AAA  prolongs  the  half-life  of  the  p27  protein.  786-0  cells  were  infected  with  Ad- 
vector  or  Ad-FKHR;AAA  as  for  panel  B.  Twenty-four  h  after  infection,  cycloheximide  was 
added  to  a  final  concentration  of  25  pg/ml.  Cycloheximide  was  maintained  for  the  entire  course 
of  the  experiment.  Protein  extracts  were  prepared  at  the  indicated  time  points  and 
immunoblotted  with  the  indicated  antibody  reagents. 

(D)  Calculation  of  the  p27  protein  half-life.  Multiple  radiographic  exposures  of  the  experiment 
shown  in  panel  C  were  obtained  (data  not  shown).  Quantitation  of  the  p27  signal  intensity  was 
obtained  from  exposures  in  which  the  signal  was  non-saturating  for  the  entire  time  course. 
Signal  intensities  were  normalized  to  the  signal  intensity  obtained  at  the  time  zero.  The  percent 
signal  remaining  was  plotted  on  a  log-linear  plot  and  a  exponential  curve  fit  applied.  The 
calculated  half-life  is  shown.  These  results  are  representative  of  two-independent  experiments. 
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